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Recent studies on the development of antibody-forming cells have implied cellular 
interaction among two or three cell types. Claman et al. (1) proposed synergistic inter- 
action between thymus and bone marrow cells in hemolysin production in irradiated 
mice transplanted with either or both sorts of cells. Globerson and Auerbach (2) also 
found by using irradiated mice that  thymus and bone marrow cells were inevitably 
necessary for the initiation of graft-vs.-host reaction in vitro. Mitchell and Miller (3, 4) 
showed that the thymus supplied the antigen-reactive cells, while lymphoid cells de- 
rived from bone marrow couht differentiate to specific antibody-forming cells after 
interaction with antigen-reactive cells from thymus. 

These results suggest that  the in vitro reconstruction of an IgG-producing system 
must be at tempted in order to obtain an accurate understanding of the pathways of 
antibody-forming reactions. There have been two reports (5, 6) concerning the forma- 
tion of plasma cells, but  these did not mention the role of thymic lymphocytes. As 
mentioned above, the important role of the thymus in immune responses was confirmed 
by using several techniques, such as neonatal thymectomy, irradiation, and cell trans- 
plantation (7-9). But  it has not yet been determined whether the thymus has direct 
effects on the development of IgG-producing plasma cells. The following in vitro experi- 
ments suggest that bone marrow is one of the sources for plasmablasts, and that  the 
thymus plays a very important role in the proliferation of antibody-forming plasma 
cells. 

Malerials amt Methods 

Mice and Cells.--A/jax and C57BL/6 male and female 12-18-wk-old mice, weighing 
18 -25 g each, were used throughout the experiments. They were bred in our laboratory in air- 
conditioned animal rooms and fed Oriental mouse chow and water ad llbitum. Bone marrow 
cells were harvested from femurs and tibias. Demuscularized bones were crushed with a sur- 
gical needle holder in chilled and heparinlzed Hanks' balanced salt solution (Hanks' BSS) 1 
(concentration of heparin, 5 units/ml). Residual large particles were removed by filtration 
through four sheets of gauze. Cells were sedimented by centrifugation at 600 g for 10 min and 
nucleated cells were counted and adjusted to a concentration of 3.5 X 106/ml in the culture 

1Abbreviations used in this paper: Eagle's MEM, Eagle's minimal essential medium; 
FITC, fluoreseein isothiocyanate; Hanks' BSS, Hanks' balanced salt solution; HGG hu- 
man gamma globulin; PBS, phosphate-buffered saline. 
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medium. Axillary and inguinal lymph nodes and thymuses were collected in cold Hanks '  
solution separately, decapsulated, filtered through four sheets of gauze, centrifuged, and re- 
suspended in Eagle's minimal essential medium (MEM) at a concentration of 10~/ ml. 

Culture Medium.--The basal medium was consisted of eight parts of Eagle's M E M  (en- 
riched with a twofold concentration of vitamins and amino acids) and two parts of fetal calf 
serum (Grand Island Biological Co., Grand Island, N. Y.). 

Preparation of Cell Homogenates.--A suspension of lymph node cells or thymus cells, 98- 
99% of which were small lymphocytes, was sonicated for 90 sec at  10 kc with 10-sec intervals. 
Homogenates were centrifuged at  10,000 g for 30 min and supernatants were passed through a 
Millipore filter (type HA, pore size 450 m/z; Millipore Corp., Bedford, Mass.) and stored at  
4°C. The fibroblastic cells used as control cells derived from C57BL/6 mice kidneys (secon- 
dary culture) were treated as in above (i.e., nonimmunological cell homogenate originated in 
syngeneic mice). BAT-6 cells derived from hamster tumor caused by bovine adenovirus type 3 
(10) were also treated for the preparation of xenogeneic nonimmunologicaI cell homogenate. 

Cell Culture Methods.--Cover glasses (9 X 12 mm) were fixed in Petri dish bottoms by 
heating with fetal calf serum. 7 X 106 nucleated bone marrow cells suspended in 2 ml of 
basal medium were seeded into the 35 X 15 mm glass Petri  dishes and incubated in 5% CO._,, 
95% air, and moisture-saturated incubator. After 24 hr, floating ceils and clusters were re- 
moved and dishes were washed out with Hanks'  BSS three times. Fresh medium containing 
human gamma globulin (HGG) at the concentration of 2.5 mg/dish was added to the bone 
marrow cultures of experimental groups. Thymus or lymph node cells or cell homogenates 
(equivalent to 3.3 X 106 cells) were added at this time. Thereafter at  days 3, 5, 8, 12, 16, and 
21, cover glasses were removed, dried, and fixed with ethanol solution (ethanol 95%, acetic 
acid 1%, distilled water 4%) for 5 min. After being passed through absolute ethanol and car- 
bon tetrachloride, cover glasses were stored at 4°C for immunochemical staining. At each 
time of sampling, the total cell number per Petri  dish was counted with a hemacytometer. 
0.05-0.2 ml of a 10-fold concentration of Eagle's amino acids and vitamins was supplied every 
4 days to each dish. 

Preparation of Anti-AUotype Serum (BALB/c AntI-C57BL/6 Ig-lb Antisera).--C57BL/6 
mice were sacrificed and their sera pooled. The IgG fraction was emulsified in complete 
Freund's  adjuvant  and injected into BALB/c  mice, by the subcutaneous route and into the 
footpad, in the amount of 1 rag/mouse three times a week. After a booster injection into the 
tail vein, BALB/c  anti-C57BL/6 Ig- lb  antiserum was harvested (11). 

Preparation of Rabbit Anti-Mouse IgG-Fc Antiserum.--The mouse IgG preparation was 
treated with papain and the Fc fragment was collected. This antigen was injected into rabbits, 
by the footpad and subcutaneous routes, in the amount of 1 mg/animal three times a week. 
After a booster injection via the auricular vein, rabbit  anti-mouse Fc antiserum was har- 
vested (12). 

Preparation of Antiserum to Sur[ace Antigen of Plasma Cell and Identification of Cultured 
Cells. MOPC-31B myeloma cells were used as the source of plasma cell surface antigen. 
Rabbits were inoculated with 200 X 106 live cells subcutaneously and via the footpads once a 
month. Blood was harvested by heart  puncture 10 days after the last inoculation. The pooled 
antiserum was absorbed with mouse liver powder, live thymus cells, mouse erythrocytes, 
and MOPC-104E myeloma cells which were producing IgM actively. The serum titers against 
MOPC-31B myeloma cells and normal plasma cells were examined repeatedly by cytotoxicity 
tests using super vital staining with Congo red and plaque formation-inhibition tests against 
sheep red blood cellsfi This antiserum was used to identify plasma cells from cultured bone 
marrow. At the 17th day, cover glasses with the cultured cells were removed from Petri 
dish, washed five times with Hanks '  BSS and immersed in anti-MOPC-31B antiserum (diluted 

2 Namba, Y. 1971. Private communication. 
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to 2% in phosphate-buffered saline [PBS]) for 20 rain in 37°C incubator. Mter washing with 
Hanks' BSS five times, goat anti-rabbit IgG antiserum labeled with fluorescein isothiocyanate 
(FITC) was overlayed for 20 rain. These samples enclosed in culture medium were observed 
under a fluorescein microscope. 

Preparation of FITC-Labeled Antibody.--FITC (Baltimore Biological Laboratories, 
Cockeysville, Md.) and the gamma globulin fraction extracted from antiserum were mixed in 
pH 9.6 carbonate buffer at 1:100 of FITC/protein concentration. After stirring for 6 hr at 
4°C, mixtures were filtered through Sephadex G-50 (Pharmacia Fine Chemicals, Uppsala, 
Sweden) and fractionated by diethylaminoethyl (DEAE)-cellulose column, and the F /P  ratio 
of each fraction was calculated. The fractions having a F /P  value of 1 to 2 were used for 
staining (13). These preparations were absorbed with rabbit or mouse liver powder before 
use to prevent nonspecific stainings. 

Preparation of F.nzyme-Labded Antibody.--50 mg of IgG and of horseradish peroxidase 
(97-135 units/rag, Sigma Chemical Co., St. Louis, Mo.) were mixed in 2 ml of cold carbonate 
buffer, pH 10.0, 0.5 ~, and then 0.25 ml of bifunctional agent FNPS (p,p-difluoro-m,m- 
dinitrodiphenyl-sulfone; Tokyo Kasei Industrial Co., Tokyo) 0.5% in acetone was added. 
After being stirred for 6 hr at 4°C, the samples were dialyzed against 3 liters of PBS for 16 hr 
and centrifuged for 30 rain at 10,000 g to remove large aggregates. Unconjugated enzyme was 
removed by sedimentation with 50% saturated ammonium sulfate and free IgG was separated 
by gel filtration through Biogel P-300. In order to eliminate nonspecific adsorption, the sam- 
ples were adsorbed with liver powder of rabbit or mouse before use (14). 

Enumeration of Antibody-Formlng Cells.--At each sampling date, the number of cells 
which attached to the surface of the dishes were counted with a hemacytometer, after being 
treated with EDTA solution (0.5 m~t ethylenediaminetetraacetate 2 Na in PBS). Cover glasses 
on which bone marrow ceils were attaching were stained with the peroxidase-labeled anti- 
mouse IgG-Fc or anti-C57BL/6 Ig-lb allotype antiserum. The localization of antigen was 
visualized after the reaction with diaminobenzidine 0.05 ~t, and peroxide in tris(hydroxy- 
methyl)aminomethane (Tris) buffer, pH 7.6, and nuclear staining with methyl green. The per- 
centage value of antibody-forming cells was obtained by counting 3000 cells. Using both total 
cell numbers and percentage values, the number of IgG-forming cells per dish was calculated~ 
and the kinetics of cellular development were followed until the 21st day after antigen stim- 
ulation. 

Antibody De!ermlnation.--Cultured bone marrow cells were destroyed by ultrasonication 
after washing with an EDTA plus trypsin solution (0.5 mM EDTA and 0.2% trypsin, Difco 
Laboratories, Detroit, Mich.), and suspending in Tris-sucrose buffer (0.05 ~ Tris buffer, pH 
7.6, 0.25 M sucrose, 0.005 ~ MgC12, 0.025 M KCI). They were centrifuged at 600 g for 10 
min. The supernatant was treated with 0.5% sodium deoxycholate, and all samples were 
measured for their protein content by Lowry's method. They were then analyzed by the 
Ouchterony double-diffusion technique and immunoelectrophoresis in order to classify the 
produced globulins. 

Cultured cells on cover glasses were examined by means of peroxidase-labeled antigen 
HGG staining to determine whether the 3, were producing the specific immunoglobulin against 
the administered antigenic protein human gamma globulin. Not only qualitative but also 
quantitative analyses were prospected by counting positively stained cells with peroxidase- 
labeled anti-C57BL/6 IgG (Ig-lb) antibody or enzyme-labeled antigen staining. 

Morphological Observations.--Living cells attached to cover glasses were examined and 
photographed under a phase-contrast microscope at the magnification X 1000. Fixed speci- 
mens were stained with methyl green-pyronin, Giemsa, FITC, or peroxidase-labeled antibody 
staining. Those specimens which were used for statistical analysis were usually prepared by 
the peroxidase-Iabeled antibody (rabbit anti-mouse IgG or IgG-Fc or BALB/c anti-C57BL/6 
Ig-lb antiserum) stainings, which included a pretreatment with a (}.1% sodium azide solution 
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in PBS to prevent endogeneous peroxidase activity. After thorough washing out sodium azide 
with PBS, antibody conjugation, peroxidase reactions, and nuclear staining with methyl green 
were performed. 

FIG. 1. In vitro proliferation of plasma cells derived from bone marrow was accelerated 
by the addition of thymic homogenate and HGG. Photographs by phase-contrast microscope. 
X 1000. (a) Eccentric nucleus, enlarged endoplasmic reticulum (ER), well-developed Golgi 
apparatus showing "thread confused figures," varying thickness of nuclear membrane, and 
defined contour were characteristic. Cultured for 13 days after the addition of thymic homoge- 
nate and HGG. (b) Plasma cells having characteristic juxtanuclear Golgi apparatus. Cultured 
for 17 days. (c) Binucleated plasma cells and a foot-elongating cell. Cultured for 17 days. (d) 
Enlarged ER indicating the retention of synthesized globulin. Cultured for 21 days. 

RESULTS 

The Morphological Characteristics of Cultured Plasma Cells.--Among the 
3-day specimens, a small proportion of long and slender bipolar pyroninophilic 
cells were recognized. Some cells possessed two nuclei, and all showed well-de- 
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fined contours. They were very weakly stained with peroxidase-labeled rabbit  
anti-mouse IgG antibody. Gradually, over a period of days, their bipoles be- 
came shorter, and the strength of pyroninophilicity, reactivity against peroxi- 

FIG. 2. (a) Pyroninophilic cells showing spindly or elongating cytoplasm with wheel 
axis-shaped nucleus. Methyl green-pyronin staining, at day 12. (b) Binucleated pyroninophilic 
cell showing wheel axis-shaped nucleus. Methyl green-pyronin staining, at day 17. X 1000. 

FIG. 3. Peroxidase-labeled antibody stainings of proliferating plasma cells in vitro, from 
bone marrow. BAI, B/c anti-C57BL/6 Ig-lb antiserum was used. Plasma cells were induced 
by the addition of thymic homogenate and HGG. Nuclear staining by methyl green. M 1000. 
(e) Binucleated IgG-forming cell stained strongly brown. Cultured for 17 days. (b) Strongly 
browny-stained cell having the juxtanuclear light area, indicating well-developed Golgi 
apparatus, at day 17. (c) A cluster of IgG-forming cells, at day 21. (d) Round cell having 
eccentric nucleus, and strongly stained by the peroxidase-Ab procedure, at day 21. 

dase-labeled anti-mouse IgG antibody, and brightness with FITC-labeled anti- 
mouse IgG-Fc antibody staining, became stronger. The typical plasma cells be- 
came distinctly recognizable bv day 12. They demonstrated broad pyronino- 
philic cytoplasm, eccentric nuclei, juxtanuclear light areas, and so-called wheel 
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axis-shaped nuclei. They were stained with F I T C  or peroxidase-labeled anti-  
mouse IgG an t ibody  fair ly strongly, Golgi appara t i  were observed as " th read  
confused figure" at  the juxtanuclear  area under a phase-contrast  microscope 
(Fig. 1 a). However,  many  pyroninophil ic  cells still showed spindly or rhombic 
shapes, and had long elliptic nuclei and sometimes juxtanuclear  light areas (Fig. 

Fla. 4. Fluorescein antibody stainable cells whose proliferation from bone marrow were 
accelerated by the administration of thymic homogenate and HGG. Anti-mouse IgG-Fc 
antiserum labeled with FITC was used. Cultured for 17 days. X 400. (a) The round and 
eccentric nucleus was characteristic, and most cells were oval or round, but a few still demon- 
strated indefinite forms. (b) Binucleated cell with entire cytoplasm stained. (c) At the juxta- 
nuclear region of Golgi area was not stained. Binucleated and spindly cells were also stainable. 
(d) Many positive cells joined by intercellular bridges of cytoplasm. A large cell in the lower 
right was not classified as a plasma cell although it was binucleated. 

2 a). They  were also weaklv but  posit ively stained with F I T C  and peroxidase- 
labeled anti-mouse IgG ant ibody.  These cells were examined further to s tudy 
the morphogenesis from plasmablasts  to mature  IgG-producing cells. A t  day  
16 or 17, shapes of almost all IgG-producing cells had the figure of the so-called 
"Marsharko ' s  t y p e "  (Fig. 4a). A few remained spindly. Sometimes mature  plasma 
cells abu t ted  on other sorts of cells, or made a cell cluster. Some cells observed 
under  the phase-contrast  microscope appeared like typical  matured  plasma 
cells. Golgi appara t i  were found in compact  order, and nuclear membranes were 
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thick and irregular (Figs. 1 b and 4 c). Binucleated cells strongly positive for 
IgG were observed. They also had pyroninophilic cytoplasm and juxtanuclear 
light areas (Figs. 1 c, 2 b, 3 a, and 4 b). 

From the 21-day specimens, the effect of thymic agent and the development 
of plasma cells were seen clearly. I n  the group to which no thymic agent was 
added, pyroninophilic cells appeared at different stages of development, form- 
ing a parade around the large cells. Sorae were spindly, some rhombic, some of 

Fro. 5. (a) Bone marrow cells cultured without the addition of thymic cells or their 
homogenate, at different stages of development. Their figures were spindly, rhomhic, oval, or 
roundish, hut fairly pyroninophilic. Cultured for 21 days. Methyl green-pyronin staining. 
X 100. (b) The development of plasma cells has been stimulated by the addition of thymie 
homogenate and HGG, making a cluster with other cells. Cultured for 2l days. Methyl 
green-pyronin staining. X 100. 

indefinite shape with short processes, and some roundish with typical plasma 
cell shapes (Fig. 5 a). On the other hand, in the group to which thvmic inducer 
was administered, cell clusters consisted of round or oval cells which were 
strongly pyroninophilic (Fig. 5 b). Such pyroninophilic round cells were also 
seen all over the cover glasses. These cells or clusters were shown by the F I T C  
and peroxidase-labeled anti-mouse IgG antibody stainings to be actively' pro- 
ducing IgG (Figs, 3 c, 3 d, 4 d). They were also observed under the phase-con- 
trast microscope (Fig. 1 d). 

The allotype of produced IgG was inquired by using BALB/c  anti-CS7BL/6 
IgG (Ig-lb) anti-allotype antisera. Plasma cells induced by the addition of 
allogeneic mouse thymus cells or their homogenate (A/Jax) were revealed to be 
synthesizing "recipient bone marrow type" IgG. Namel 3 plasma cells origi- 
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FIG. 6. Surface antigen of cultured plasma cells stained by indirect ttuorescein antibody 
technique. Rabbit antiserum to live myeloma MOPC-31B, and goat anti-rabbit IgG anti- 
serum labeled with FITC, were used. Cells were cultured for 17 days after antigenic stimuli. 
X 400. (a) A positively stained cell. (b) A cell stained at its marginal zone. (c) A stained bi- 
nucleated cell with a ring-like form, and a cell with an eccentric nucleus having negative area 
a t  under the nucleus. (d-f) Cells demonstrating the "mosaic figures" of positively stained 
regions on the cell surface. (g) A cell at the upper right was positively stained on a broad area 
of the surface, but a small region near the nucleus remained negative. Mosaic patterned and 
ring-like cells are shown. (h) Control staining with normal rabbit serum and goat anti-rabbit 
IgG antiserum labeled with FITC gave negative results. Even typical plasma cells having 
juxtanuclear dark area, or two nuclei, or eccentric nuclei were not stained with these proce- 
dures. 

na t i ng  in A / J a x  bone m a r r o w  could no t  be s ta ined wi th  F I T C - l a b e l e d  ant i -  

a l l o t y p e  I g - l b  an t i se rum,  however  these cells der iv ing  in C 5 7 B L / 6  bone mar row 

a n d  being induced by  al logeneic t h y m u s  cells or the i r  homogena t e  were a lways  

s t a i n e d  wi th  t h a t  a l lo type  an t i s e rum (Fig.  3). 

Surface Antigen of Cultured Plasma Cells.--About 12 % of the  bone m a r r o w  

~cells cu l tured  in the  presence of t h y m i c  cell homogena t e  and H G G ,  were  posi- 
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tively stained with rabbit an t i -MOP C-31B myeloma antiserum at day 17. Most  
of these cells showed mosaic figures in fluorescein-stainable areas (Figs. 6 a, 6 
c-g). Some of them were stained at their peripheral zones showing a ring-shaped 
contour (Fig. 6 b). Binucleated cells were also positively stained as above (Fig. 
6 c). The cytoplasm of many of these cells appeared yellowish except at the 
fluorescein-stained areas. The yellowish cytoplasm might be due to rich ribo- 
somal RNA, and might indicate active synthesis of protein at the ribosomes. 
They  were not stained by Congo red (super vital staining) indicating that  they 
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FIG. 7. Kinetics of proliferation of plasma cells. When C57BL/6 bone marrow cells were 
cultured in basal medium without HGG and other cells, only slight proliferation was observed 
(X .... X, CBM). When syngeneic thymic lymphocytes were added to C57BL/6 bone mar- 
row cultures, some proliferation of plasma cells was obtained (O--O, CTC). Similar results 
were obtained by syngeneic lymph node lymphocytes (A . . . . .  A, CLC). 

were alive and not in a degenerative stage. When bone marrow cultures were 
treated with normal rabbit serum, even typical plasma cells did not show posi- 
tive fluorescein (Fig. 6 h). 

Kinetics of Plasma Cells Induced from Bone Marrow In Vitro.--The kinetics 
of the proliferation of plasma cells were investigated. The results mentioned 
below are a smnmary of at least three experiments performed repeatedly under 
the same conditions. Each subgroup in one experiment consisted of three 
dishes at every sampling time. Therefore, each point representing a number of 
plasma cells was averaged from at least nine dishes. 

The effects of thymic lymphocytes or lymph node lymphocytes derived from syn- 
geneic C57BL/6 mice: When bone marrow cells were cultured in basal medium 
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in the absence of other cells and proteins, very little proliferation of plasma cells 
was observed, the maximum number being 6500/dish at day 17. Percentage 
values of IgG-possessing cells were 0.5 at minimum and 3.3 at maximum. When 
thymic lymphocytes or lymph node lymphocytes were added to the above sys- 
tem, there was no significant proliferation of plasma cells. The maximum num- 
ber in each case was 13,300 (3.6%) at day 21 after the administration of thymic 
cells, and 16,100 (14.0%) at day 8 with lymph node cells (Fig. 7). When HGG 
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FIO. 8. Abundant proliferation of plasma cells was observed after addition of syngeneic 
thymic lymphocytes and HGG to C57BL/6 bone marrow cultures ( O - - O ,  CTC). Syngeneic 
lymph node lymphocytes (A . . . . .  A ,  CLC) and thymic cell homogenate ( 0 - - 0 ,  CTH) 
were fairly effective in stimulating plasma cell proliferation. A homogenate of syngeneic 
lymph node lymphocytes (A . . . . .  A,  CLH) had little effect on plasma cell proliferation. 
When bone marrow cells were cultured in the medium containing HGG and without other 
cells, plasma cells increased only very slightly (X ... .  X, CBM). 

was added to bone marrow cultures in the absence of another kind of cell, a 
slight increase of plasma cell number was observed and the maximum was 12,200 
at day 21 (4.7 %). However, a remarkable proliferation of plasma cells was ob- 
tained by means of addition of syngeneic thymic lymphocytes to bone marrow 
cultures in basal plus HGG medium. Although from day 3 to 12, the number of 
plasma cells did not increase, at day 3 it was higher than any other groups. 
IgG-possessing cells were found to be 13,400 (6.7 %) at day 3, and 18,200 (9.8%) 
at day 12, and the maximum number was recorded at day 17 91,500 (20.8%). 
Thereafter plasma cells attached to the dishes decreased to 52,800 at day 21, but 
percentage value increased slightly to 24.0 %. 

Lymph node lymphocytes also proved to have the capacity to induce plasma 
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cells in basal plus HGG medium, but the peak of plasma cell proliferation was 
lower than that obtained by the administration of thymic lymphocytes. The 
maximum number of plasma cells was found to be 57,000 (19.0%) at day 17. 
The efficient difference between thymic and lymph node lymphocytes was sta- 
tistically confirmed, P < 0.001 (X 2 test), at day 17 (Fig. 8). 

The e~ect of syngeneic cell homogenate on the proliferation of plasma cells: 
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FIG. 9. The effect of allogeneic (A/Jax) cells and their homogenates on the proliferation 
of plasma cells from C57BL/6 bone marrow cultures. A/Jax thymic lymphoeytes ( O - - O ,  
ATC), lymph node lymphocytes (A . . . . .  &, ALC), and homogenate of thymic lymphocytes 
( O - - e ,  ATH) had the same effect on the proliferation of plasma cells. Homogenate of A/  
Jax lymph node lymphocytes induced a rather low rate of proliferation of plasma cells, but 
they were superior to syngeneic C57BL/6 lymph node lymphocyte homogenate (at . . . . .  at, 
ALH) (cf. Fig. 8). Nonimmunological hamster tumor cells had very little effect on plasma 
cells (B- - -B, BNFH). 

When a cell homogenate of thymic lymphocytes was added to bone marrow cul- 
tures with HGG, the formation of plasma cells was stimulated to the same de- 
gree as by intact lymph node lymphocytes derived from syngeneic mice. For- 
mation was relatively high, the plasma cell count being 8500 (7.1%). The 
number gradually increased to 17,900 (10.5 %) at day 5, 25,400 (12.1%) at day 
8, 34,00 (12.3%) at day 12, 51,00 (11.6%) at day 17,and 54,500 (15.6%) at day 
21. This curve will be used as a standard for the following results (Fig. 8). The 
homogenate of syngeneic lymph node lymphocytes was not as effective in 
stimulating the proliferation of plasma cells as was the thymic homogenate. A 
peak of 19,000 (10.0%) was seen at day 8, and thereafter a gradual decrease was 
observed until a minimum of 3800 (1.6%) at day 21 (Fig. 8). 
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The effect of allogeneic (A/Jax) thymic or lymph node lymphocytes and their 
homogenates on the proliferation of plasma cells: When C57BL/6 bone marrow 
cultures were incubated with A/Jax thymic or lymph node lymphocytes or a 
homogenate of A/Jax thymic cells, a maximum number of about 49,500 plasma 
cells was obtained on day 17, the percentage values being 14.5, 16.5, and 
13.8%, respectively. However, when the bone marrow cultures were incubated 
with lymph node cell homogenate, the maximum number of plasma cells was 
only 34,600 (10.8 %) at day 17, and the efficient difference for all groups was P < 
0.001 (Fig. 9). 

The effects of homogenates of nonimmunological cells on the formation of plasma 
cells: A homogenate of hamster tumor cells induced by bovine adenovirus 
type 3 (Bat-6) was administered to bone marrow cultues which originated from 

FIG. 10. Ouchterony double-diffusion analysis for the classification of synthesized globu- 
lin. Only one precipitate line was seen for each of the following: rabbit anti-mouse whole 
serum (W), rabbit-anti-mouse IgG (G), rabbit anti-mouse IgG-Fc (C), and rabbit anti-mouse 
IgG:Fab (F). These precipitate lines fused in a reaction of identity. 

C57BL/6 mice, and proved to be ineffective, the plasma cell number being 
19,000 (8.7 %) at day 21. And a homogenate of syngeneic mouse kidney fibro- 
blastoid cells (secondary culture) did not induce a great increase of plasma cells, 
the maximum number being 12,200 (5.3 %) at day 21. On the other hand, the 
homogenate of thymic cells administered to fibroblastoid cells derived from syn- 
geneic mouse kidney (secondary culture), was found to have no ability to induce 
fibroblasts to differentiate to plasma cells. 

Results of Immunochemical Analyses.--The homogenate of cultured bone mar- 
row cells was examined by immunochemical assays for detection of immuno- 
globulin. By means of Ouchterony double-diffusion method in agar, the im- 
munoglobulin in the cultured cells were grossly classified. The reactive antisera 
against homogenates were (a) rabbit anti-mouse IgG-Fab antiserum, (b) rabbit 
anti-mouse IgG antiserum, (c) rabbit anti-mouse IgG-Fc antiserum, and (d) 
rabbit anti-mouse whole serum (Fig. 10). These precipitate lines fused in a re- 
action of identity. However, immunoelectrophoresis showed that the antibody 
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produced in vitro was IgG. Rabbit anti-mouse IgG antiserum, anti-mouse 
whole serum, anti-mouse IgG-Fc, an anti-mouse IgG-Fab antisera each demon- 
strated only one line of precipitate. 

Antibody Reactivity of Produced [gG against the Administered Antigenic Pro- 
rein (Human Gamma Globulin).---Immunoglobulin-G contained in proliferating 
plasma cells was examined in its antibody specificity by peroxidase-labeled anti- 
gen HGG staining. Among the 17-day specimens, IgG containing cells were 
,counted to be 51,000 (11.6%) per dish, when bone marrow cells were cultured 
with thymic cell homogenate and HGG. Among them, 34,700 (7.9%) plasma 
cells were stained with peroxidase-labeled antigen HGG. Namely 68 % of plasma 
cells were proved to be forming the specific antibody IgG against antigenic 
protein HGG (Table I). The specificity of this antigenic staining was certified 
by a blocking test using unlabeled HGG. Successful stainings could be obtained 
]n man 5- cases at the dilution of enzyme-labeled HGG about 30-100 /zg/ml. 

TABLE I 

.Specific Antlbody-Forming Cells against Administered Antigenic Protein HGG Were Counted 
by Means of Peroxidase-Labeled Antigen Staining among the 17-Day Specimens* 

Stainings Percentage Cell No. per dish 

440,000 
Rabbit anti-mouse IgG antiserum 11.6 51,000 

Antigenic protein HGG 7.9 34,700 

Specific antibody-forming cells in plasma cells 68.1% 

* These cells were induced by the addit ion of thymic cell homogenate and H G G  to C57BL/  

,6 bone marrow cultures. 

These optimal concentrations of antigen might indicate the staining to be due to 
specific immunological reactions. 

DISCUSSION 

I t  was reported in this paper that a proliferating system of plasma ceils was 
established in vitro by mixing bone marrow cells and the homogenate of thymic 
lymphocytes or lymph node lymphocytes. Although the effects of the thymic 
lymphocyte and lymph node lymphocyte differed to some extent, it was demon- 
strated that both organs had significant ability to accelerate the development of 
plasma cells in vitro. Furthermore, bone marrow was clearly shown, with several 
immunological techniques, to be one source of plasma cells. These proliferating 
plasma cells proved to be producing specific reactive IgG against administered 
antigenic protein. 

The reason for the superiority of thymic lymphocytes over lymph node 
lymphocytes in plasmopoietic activity can be explained as follows. Although 
.the basic functions of thymic lymphocytes and lymph node lymphocytes may 
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differ, the thymic lymphocytes may migrate into peripheral lymph nodes to give 
certain informational stimuli to plasmablasts. These thymic immigrants may be 
called "thymus-dependent lymphocytes" (15) or "thymus-derived lympho- 
cytes." Since thymic lymphocytes can be found in peripheral lymph nodes, it 
may be that peripheral lymph node cells have the activity to promote the pro- 
liferation of plasma cells. So-called "lymph node lymphocytes" may also have 
the function of IgM synthesis as a consequence of antigenic stimulations. Al- 
though the functional mechanisms of thymic cell homogenate cannot be dis- 
cussed here, it has been clearly shown that a direct cell-to-cell contact between 
plasmablasts and thymic cells is not necessary for the maturaion of imnmno- 
logically competent cells. 

The variation in inducing activity for plasma cells with different donor 
strains, may be due to a difference in the population of thymic lymphocytes in 
thymus and peripheral lymph nodes. The proportion of thymic lymphocytes 
and lymph node lymphocytes, or the migration speed of thymic lymphocytes 

T A B L E  II  

Differences in the Thymus and Lymph Node Weights in A / J a x  any C57BL/6  Mice* 

Mouse Average body weight Thymus Lymph node 

g rag~20 g b.w. rag~20 g b.w. 

A/ Jax  24.0 17.5 2.14 
C57BL/6  22.7 25.4 1.98 

* The  average weight was obtained from 12 mice of each strain. 

may affect the cell population in the thymus or lymph nodes. In adult A/Jax 
mice, thymuses were observed to be smaller than those of C57BL/6 mice. But 
A/Jax axillary and inguinal lymph nodes were larger than those of C57BL/6 
mice. In adult A/Jax peripheral lymph nodes, thymus-dependent lymphocytes 
may propagate faster than in C57BL/6. For this reason, the atrophy of A/Jax 
thymus may be more severe than in C57BL/6 (Table II). 

The immune responses against the proteins in culture media (deriving from 
fetal bovine serum) were to be negligible in C57BL/6 mice. However, bone mar- 
row cells harvested from A/Jax mice were affected by serum proteins, compli- 
caring the analyses of immune responses in vitro. Therefore, recipient bone 
marrow cells were harvested primarily from C57BL/6 mice. 

The primary immune responses in vitro system were discussed only about 
the 17-day specimens. Further investigations about this problem will be re- 
ported in the serial papers by using plural soluble and insoluble antigens. 

SUMMARY 

An in vitro proliferative system for immunoglobulin-G-forming plasma cells 
from the bone marrow of mice was established by the addition of antigenic pro- 
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tein and thymic cells or their  homogenate to bone marrow cultures. The  pro- 
mot ing ac t iv i ty  of the thymus on plasma cells was independent  from mouse 
strain,  bu t  it differed in s trength with the var ia t ions of donor strains. Synthesis 
of immunoglobul in-G in proliferating plasma cells and its an t ibody  reac t iv i ty  
against  the adminis tered antigen were demonst ra ted  by  immunocytological  

analyses. 
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