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ABSTRACT 

Bone marrow cells obtained f'rom normal. unimmunized 

rabbits were st:lmulated ta undergo blastagenesis and mitosis and 

ta incorpora te tritiated t~e upon incubation with various 

protein antigens in vitro. Call suspensions of other lymphoid 

organs, obta:ined f'rom n01'!llal rabbits, failed to respond in this 

fashion. This in vitro response did not occur with bone marrow 

cells of immunized rabbits, aJ.though it was observed with lymph 

node and spleen cells obta:ined tram previously immunized rabbits. 

The :bmmme nature of the bone marrow blastogenic response was 

demo:lstrated by the detection of specitic antibody', by the :fluore

scent antibody technique, within the st1mulated cells. 

The response of the bone marrow cells was locaJ.ized 

to the lymphoa,yte-enriched ceIl fraction following centrifUgation 

of the whole bane marrow in a linear sucrose density gradient. The 

findings suggest that the bane marrow lymphoa,yte pl.ays an important 

role during the induction of a primar,y immune response. 
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CHAPTER ! 

GENERAL INTRODUCTION 

"Immuno1ogy has a long past but only a short 

history." (J. Freund, 19.58, Claude Bernard Lecture, University 

of Montreal, Canada)" Dr. Jules Freund, in making the aboya 

statement, implied that although the synthesis of antibody 

following antigenic stimulation has been known since the Middle 

of the 19th century, the mechanism (s) of 8lltibody formation 

and the cell site (s) of antibody synthesis are even today olÙ.j" 

little understood. 

VIe know that an injection of an antigen into the 

normal intact animal triggers off a series of events marked by 

cellular proliferation in various 1ymphoid organs accompanied 

or followed by the production of antibody. There is a constant 

fiow of cells through the 1ymphoid organs and, at any one time, 

only a small number of cells are engaged in the synthesis of 

antibody. In order to study, under controlled conditions, the 

sequence of cellular evants characteristic of the immune res

ponse, tissue culture techniques have been resorted to. 

The induction and maintenance of the secondary 

iDmune response has been accomplished in vitro by cu1turing 

tissue fragments, slices or cell suspension of 1ymph nodes and 

spleens of previously 1mmunized animals in the presence of the 



2 

immunizing antigen. Bowever, the induction of a prlmary immune 

response in vitro has been accomp11.shed w:l.th great difficulty. 

It has been demonstrated by a large body of 

investigators that the 1ymphocyte-p1asma cell series 1.s respon

sible for mediating both cellular and humoral immun1.ty. }-bre 

specifically, only lympboid cells bave been shawn capable of 

mediating cellular or de1ayed immune reactions, whereas the 

p1asmablast-p1asma cell series bas been held. chief'ly responsible 

for the production of humoral anti'bod1', espec1.a1ly following 

hyper and secondary immun1.zation. The in vitro experments of 

NossaJ. and others (See Chapter 2.1.2) suggest a direct trans

formation of the large lymphocyte into the plasma celle The 

cellular events lead1.ng to plasma cell differentiation in vivo 

are not as vell documented. 

In order to better e1ucidate the relationship 

between cellular evants and. antibody formation the investigator 

resorted to tissue culture procedures, which, although incap

able of attaining a milieu as optimal as in vivo conditio~, 

neverthe1ess do permit for a greater degree of fiexibility in 

the experimentaJ. design and. for a continuous analysis of cell 

morphology during the period of culture. 

Undoubted.ly, thaugh rich in 1ymphoid cells, the 

comp1ex nature and cellular heterogeniety of the bone marrow 

has deterred ~erious investigation into the role of this organ 

in the :1nmmne response. To attempt to better undèrs,t.nthe ro1e 
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of the bone marrow in antibody fOl'mation, the techniques of 

fragment and celi culture have been utilized. The results of 

the e:xperimen1s reported upon in this the sis suggest. that the 

bone marrow lymphocytes occupy a unique position in the events 

leading to the initiation of the primary immune response. 
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CRAP'l'ER ! 

BISTORICAL REVIEW 

2.1 ORGAN AND CELL SITE OF ANTIEODY FORMATION. IN VIVO STUDIES 

2.1.1 CELLS MEDIA TING THE: PRIMARY IMMUNE RESPONSE 

The numerous studies pertaining to cellular alter

ations during the primary 1nmmne response in vivo are difficu1t 

to compare and. evaluate in view of the different routes of anti

gen administration, the different antigens ùsed (particu1ate or 

soluble), number of antigen injections and species of animal 

used. Multiple injections have o:f'ten been used. to pl'Oduce a 

maximum cellular response, but sequential cellular changes are 

difficu1t to interpret in such a study. 

Marshall and 'White (1) and White (2) administered 

either one, two or multiple intravenous injections into rabbits 

using several particu1ate and non-particu1ate antigens. They 

described the appearance of large, basophilie cells in the 

regions of the arterioles of the splenic rad. pulp three to four 

days af'ter injection of the antigen. This :ell was named. the 

"activated reticu1um ce11" and. its later differentiation vas pre

sumed to give rise to the plasma cell, but only af'ter multiple 

injections of the antigen. These cells we1'8 not present in the 

germinal centers. Fagraeus (3), in a classical work with hyper-
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immunized rabbits during the prjmary response, described the 

formation of plasma cells in the aplenic rad pulp as the main 

f'eature following the injection of' an antigen. The precursor 

cell had a morphology similar to the "acti vated reticul'lUll ceU" 

described by Marshall and 'White (1) and was named the "transi

tional cell". 

Wissler et al (4) reported that after the intra.

wnous injection of' a particu1ate antigen, into the rat, mitotic 

activity was observed to commence in the rad pulp thirty six hours 

af'ter the injection of the antigen and reach a peak at dqs three 

to f'our while the serum antibody titer attained peak levela at 

day six. No changes wera noticed in the splenic white pulpe On 

the other hard, Ward et al (5) observed enlargement of' the germ

inal centers in rabbit splenic white pulp and appearance of' blast 

cells, but not plasma cells, three days af'ter the intravenous 

injection of' a single dose of' bovine gamma.-globulin. Congdon 

and Makinodan (6) also observed marked. cellular alterations in 

the splenic white pulp of' mice given sheep rad cells bafora 

circulating antibody could be detected. The most striking 

observation vas the loss of' geminal centers in the spleen accom

panied by extensive proliferation of antibody f'orming celJ.s 

throughout the white pulpe This pl'Ocesa lasted about three days 

and was followed by a rageneration of germinal centers. The 

sequence of' histological events suggested that the large, newly 

f'ormed. cells in the white pulp gave rise to antibody f'orming 
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cells of the plasmacytic series later seen in the red pulpe 

Thorbecke et al (7) observed blast cells formed in the rabbit 

splenic white pulp during the primary innnune response ta prote in 

antigen. They could not detect antibody in these cells. Some 

antibody-forming plasma cells were detected in the red pulpe 

Gunderson et al (8) noted changes in the splenic follicles in 

the rat spleen two d~s after a single intravenous injection of 

a bacterial antigen but not after the injection of sheep red cells. 

They described the red pulp as the site of antibody-forming cells. 

Keuning et al (9) irradiated rabbits immediately 

following a single injection of paratyphoid-B antigen and observed 

complete disruption and loss of splenic germinal centers. Since 

the humoral immune response was not effected qy the irradiation, 

they concluded that the germinal centers pl~ no part during the 

primar,y immune response. 

Langevoort (10) investigated the histological 

changes in rabbit spleen after a sin~le intravenous injection 

of horse gamma-globulin. He found that plasma cells arose 8lI10ng 

the lymphocytes of the periarterialar lymphocyte sheaths of the 

white pulp and suggested that the sheath lymphocyte was the pre

cursor of the plasma celle The plasma cell proliferation commenced 

twenty-four hours after injection of the antigen, was maxtmal at 

d~ three ta four and qy d~ seven the periarleriolar lymphocyte 

sheaths had resumed their normal appearance. Four da ys after 
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the antigen injection bl.ast cells appeared. in the geminal 

centers, giving rise to numerous mediUlll sized lymphocytes. 

7 

Bramms (li) injected a singl.e dose of horse 

Y-gl.obul.in intravenously' into rabbits 8I'ld. ut1l.1zed el.ectron 

microscopy to eval.uate histOl.ogical. changes in the spleen. He 

noticed an increase in the number of lymphocytes 8lId the appear

ance of plasma cells containing ribonucleoprotein particles in 

the white pulpe He suggested that plasma cells are antibody

producing cells and. that they' arise from lymphocytes in the 

splenic white pulpe These f'1ndings of Langevoort (10) and 

Bramms (11) are in contradiction to those of other investigators 

reported. above (4, 8, 9) who concluded that antibody forming 

cells develop in the red pulpe 

H1stological and radio autographie studies by 

Hanna (12, 13) on the germinal center changes in the mouse 

spleen revealed proliferation following an injection of sheep 

rad blood celle He noticed that an increase in the number of 

immature lymphocytic cells ooincided with genninal center dis

sociation. These cells migrated. into the red ~p where they 

presumably transformed ta plasma cells. On the other hand, 

Craddock et al (14) studied. the response of rats ta the injection 

of the same antigen and reported the developnent of new germinal 

centers in the spl.een, with prominent phagocytic activ1ty and. 

appearance of antibody-fon11ng cells wh1ch were not the products 

of germinal. center proliferation. 
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Ehrich and. Harris (15) observed an increase in 

the number of lymphoey'tes in the popliteal lymph nodes of rab bits 

following an injection of a particulate antigen into the hind 

foot pad. Hall and Morris (16) described a similar finding in 

sheep and later (17) sbowed that very large doses of x--irradia

tion given loc~ to the poplite al lymph nodes did not reduce 

the output of cells in the efferent lymph nor did. it marked1y 

affect the antibody response to an injection of antigen into the 

foot pad. They concluded. that the immunocompetence of the lymph 

nade was not atfected by the irradiation due to the constant 

infiow of small lymphocytes from the blood. 

Smith (18) observed the presence of reticulum 

cells and large lymphocytes in the lymph nodes of human babies 

following prlmary immu..."1ization with typboid vaccine. He noticed 

no plasma cells. 

2.1.2 CELLS MEDIATING THE SECONDARY IMMUNE RESPONSE 

studies on the cell types involved in mediating 

the secondary immune response have producad evidence 1mplicating 

several, rather than a single, cell type. 

The classical observations of Fagreus (:3) and Coons 

et al (19) have strongly suggested that most of the antibodies 

produced in rabbits during the byperimmune and secondary immune 

responses are synthesized. by plasma cells, which arise from pre

cursor reticular cells and. go through cellular division and 



9 

diff'erentiation prior to antibody synthesis. Leduc et al (20), 

lIdte et al (21) and Keuning and Vander Slikke (22) iDduced. 

secondary immune responses in rabbits using prote in antigens and. 

described. the appearance of' large, basophilie cells in the aplanie 

red pulp which appeared. to give rise to plasma cells. They 

utilized the jnmnmofluorescent staining technique to demonstrate 

specifie antibody within the plasma cells. 

Nossal and Make1a (23) and. Make1a and NossaJ. (24) 

induced a secondary hmnme response in rats by the f'oot pad 

administration of' the purif'ied flagella antigen f'rom Salmonella 

ade1a1d.e. A large dose of' tritiated thymidine was given, as a 

pulse label, two hours baf'ore the second injection of' the antigen 

and it was f'ound that almost a11 the antibody-f'orming cells !'rom 

the poplite al lymph nodes were 1abelled and that these cells were 

a11 members of' the plasma ceil series. They obtained identicaJ. 

results in rats reinjected with antigen either f'our or f'orty 

weeks f'oliowing the primary imrmmization. On the assumption that 

any celi which began ta divide after the rein je ct ion of' the anti

gen could not have become labelied, they concluded that immuno

logical memory was carried by a continually-dividing large lymph

ocyte Which appeared subsequent to the primary antigen injection 

and which could di vide and. dif'f'erentiate inta the plasma ce1l in 

l'espanse ta a second exposure ta the antigen. 

Ward et al (2.5) and Cottier et al (26) investigated 

the histalogical changes in rabbit 1ymph node after two intravenous 
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injections of a protein antigen. They reported. that the second 

injection st:1mulated cell division in the geminal centers 8lXl 

led to the rapid fom.ation of new germinal centers. 'White et al 

(2) sbowed. the presence of specific antibody in blast cells in 

the ~ph node geminal centers during the secondary immune res

ponse in rabbits. It was suggested but not c1aimed explicitly 

that the antibody-foming cells were derived from small lympho

cytes. 

Thorbecke et al (7) suggested that some of the 

dividing blast cells found in the rabbit splenic white pulp dur

ing the primary immune response might be unab1e to synthesize 

antibody bec'lUse of a 1ack of antigen. They suggested that 

these dividing cells produce secondary germinal. centers in the 

spleen and. respond. to a second injection of antigen by migrating 

towards the splenic red pulp as they divide and. differentiate 

into plasma cells. ~œhO]1Dtlcke· et al. (7) did. not consider germ

inal. centers as important sites of antibody synthesis during 

the secondary immune response but rather as generati ve areas 

from which the plasma cells of the red. p.ü.p are deri veel. 

Sainte-Marie and Coons (27) investigated the origin or plasma 

cells in rabbit spleen and lymph node during a secondary immune 

response to a protein antigen. They stated that the plasma cells 

arise :!rom pr:imitive reticu1ar cells in the sp1enic rad pulp and 

lymph nodes. They f'urther suggested., as a result of their 

e1ectron microscopic studies, that the cells which Nossal ·;;:i:~ 
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and. Make1a (23) and Make1a and Nossal (24) classified. as large 

lymphocytes ware, in fact, activated reticulum cells. 

Hall et al. (28) investigated the origin cf anti

body-forming cells in sheep lymph nodes during the secondary 

hnnune rasponse to a protein antigen. They found a large number 

of blast cells with frae ribosomes which contained antibody. 

Plasma cells vere noticed OIÙ3T in vigorously byper:bmmlnized sheep. 

Cunningham and. Mercer (29) studied the histologie charges in 

the sbeep poplite al lymph nodes during the secondary hmmne res

panse to the Salmonella somatic antigen. They reported. that 

the majority of the antibody-forming cells were large and baso

hilic and contained. ribosomes and small amounts of endoplasmi.c 

reticu1um. A few typical plasma cells with large amounts of 

endcplasmic reticu1um 'W8re also noted. 

Attardi et al (30) and Vazquez (31) ut:Uized the 

immunofluorescent staining technique to demonstrate specifie 

antibody in small lymphocytes in the lymph nodes of rabbits 

producing a secondary immune response to protein antigens. 

2.1.3 CELL TRANSFER STUDIES 

2.1.3.1 CELL TRANSFER EXPERIMENTS WITH LIMPI:K>CITES 

To better understand the relationship between cell 

type and antibody fonnation, a large number of investigators 

have turned to cell transfer studies. The first ta transfer 
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antibody-producing capacity by lI18ans of cells was Deutsch (32) 

who showed that spleen cells from rabbits inf'ected with typhoid 

organisms could be transferred to nomal h0m0logous recipients 

vith the subsequent developnent of circu1ating agglutinins. 

Chase (33, 34) and. Landsteiner and. Chase (35) success:t\ù.ly 

transferred a hypersensitivity to s'impIe chemicals, such as pj.cryl 

chloride or o-chlol'Obenzoyl chloride, in guinea pigs vith lymph 

node or spleen cells. 

Harris and Harris ()6, 37, 38) injected Shigella 

paradysenteriae or Salmonella typhosa antigen into the hind 

foot pads of rabbits and. suceeed.ed in obtaining agglutinin 

formation in recipients of the immune popliteal lymph node cells. 

This type of study gained. momentum as a reBUlt of the 

studies of Harris et al (39) who observed antibody fomation in 

heavUy irradiated recipients who were given normal lymph node 

cells incubated vith soluble Sbigella antigen in v.i.tl'O. The 

lymph node cells, of which 95 to 99·percent vere large, medium 

and sma11lymphoeytes, vere most efficient in medisting a 

primary 1mmune response in the recipients. They also showed 

that peritoneal exudates consisting ma.inl.y of monocytic cells 

vere also effective in similar cell transfer studies, while 

granulocytic exudate cells were note Circulating blood leuco

cytes did transfer soma activ.i.ty, but much less than the lymph 

node cells. The transferred cells were capable of conferring 

a secondary hmmne response in the recipients upon injection of 
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antigen, which could be ef'f'e~tive1y' inhibited by the s1multaneous 

administration of' homo10gous antiserum prepared against the trans

f'erred cells. Al1 of' these studies stl'Ongly suggest that living 

homo10gous lymphoid cells can transf'er antibody-producing 

capacity. 

McGregor and Gowans (40) showed that previously un:1m

munized rats, dep1eted of' small lymphocytes by' drainage of' a 

thoracic duct f'istula, were able to respond only minimally to a 

single injection of either sheep erythrocytes or tetanus to:xoid. 

This marked depression of' the inmune response could. be reversed 

by the intravenous administration of' isologous smalllymphocytes. 

Dep1etion of' small lymphocytes prior to a second injection of 

the antigen did not affect the secondary antibody response. They 

(41) also showed that the immune response to sheep erythrocytes 

by rats severe1y depressed by' prior x-'irradiation could be restored 

by the injection of a suspension of' isologous small lymphocytes. 

The small lymphocytes f'rom rats to1erant to sheep erythocytes 

were incapable of restoring antibody f'onns..tion to sheep erythro

cytes in previously x-irradiated rats. They concluded that the 

immune response was stl'Ongly dependent on and mad'" ~ted by the 

small lymphocyte. 

Gowans an::l Uhr (419) noted that recipients of lymphocytes 

obtained f'rom the thoracic ducts of rats immunized to bacterio

phage ~ x 174 and incubated in vitro for 24 hours before transfer 

in order to destroy, se1ectivity, the large dividing lymphocytes 
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gave higher and more rapid antibody" responses, following ant~ 

genic challenge, than rats which received. unincubated immune 

thoracic duct cells. Naspitz et al (43) have dElllOnstrated thst 

immunerabbit lymphoid cells, incubated in vitro for three days 

with or without pbytohemagglutinin (PliA), are capable of init

iating antibody synthe sis in recipient rabbits. Farthermore, 

these cells appear to possess greater immunocompetence than 

unincubated cells. Incubation of immune cells with PliA did not 

effect the :lmmunological. capacity of these cells subsequent to 

transfer al.tbough approximately eighty percent of the cells had 

transfotmed. to blast cells. They concluded that the blast cell 

is not a teminal. stage in the life-span of the cell but that 

it can dif'ferentiate into other immunocompetent cells in vivo. 

Di:xDn et al (44, 45), compared the pr1mary antibody 

transferring capacity of peritoneal exudates, containing an 

average of seventy one percent macrophages, eleven percent 

lymphocytes and fitteen percent po~rphs, with lymph node cell 

suspensions containing ninety percent lymphocytes and eight 

percent macrophages obtained trom rabbits previous1y :immunized 

with bovine serum albumin. These two cell populations produced 

comparable antibody responses in x-irradiated recipients. The 

ability of peritoneal exudate cells to transfer a secondary ant~ 

body response has been confimed by Konda (46) and. by Perkins 

et al (47) 
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2.1.3.2 œLL TRANSFER EXPERIMENTS' WlTH THIMUS cms 
stoner and. Hal.e (48) successf'ully transferred. tetanus 

antitoxin formation in mice with thymus cells. However, Rosen

berg et al (49) and Dixon et al (45) reported. that rabbit and 

guinea pig thymic cells, taken tram previously :lmmunized donors, 

produced. little or no antibody in the homologous recipients. 

Harris et al. (39) reported. smilar negative results vhen rabbit 

thymus cells were inaubated. in vitro with Sbigella antigen and. 

subsequently transferred into homologous recipients. 

2.1.3.3 CELL TRANSFER EXPERIMENTS WITH BONE MARROW CELLS 

Taliaterro and Taliaterro (50) reported. that the trans

:fer of bone marrow cells :from rabbits three to :four days at'ter 

the primary immunization with sheep red. cells to homologous 

x-irradiated recipients did not result in antibody formation in 

the recipients, but bone marraw cells from repeated.ly injected 

rabbits during pr:imary immunization could continue to synthesize 

antibody in x-irradiatecl recipients. The transferred. cells were 

also capable of conterring a secondary immune response in the 

recipients upon injection o:f the antigen. Doria et al (51) 

showed that the injection of normal mouse bone marrow cells into 

irradiated isologous or homologous recipients could. conf'er the 

capacity to init1ate a primary immune response to an injection 

of sheep red blood cells. This immune response was noted to 

be greater in 1so1ogous than in homologous irradiated recip1ents. 
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Claman et al (52) have recently demonstrated that the injection 

of isologous marrow and t~s cells into irradiated bost mice 

subsequently chal1enged. vith antigen resulted in more centers 

of hemolytic activity in the spleen than vere observed. in mice 

receiving cells of eitber type aJ.one. In a recent oOllllllUllication, 

Miller and Mitchell (53) reported that the administration of 

normal mouse bone marrow cells to x-irradiated isologous mice 

resulted in the appearance of helllOlytic plaque fol'ming cells:' in 

the spleen vithin a veek following an injection of sheep erytho

cytes. 

2.1.3.4 CELL TRANSFER EXPERlMENTS USING NEONATAL ANlMALS 

Di:xon and Weigle (54, 55) showed that cells from neo

natal rabbits, which were themselves immunologically incompetent, 

could form antibody when transferred to x-irradiated adult ra

cipients although lymph>id cells trom nomal adult animals appeared 

to be incapable of initiating antibody formation in neonatal rabbits 

following the injection of the antigen. Trnka (56) and Harris et 

al (57) were unable to successf'ully repeat these exper:iments. 

Harris et al (,58) later reported that neonatal rabbits could 

fom antibody following the transfer of homologous adult spleen 

cells, but the response was markedly lover than that observed. in 

adult irradiated recipients. The transfer of neonatal spleen 

lymphocytes to x-irradiated adult rabbits did not result in the 

restoration of immunocompetence. 
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Nossal. (59) showed that when spleen cells obtained 

from adu1t immune mice were incubated with the antigen in vitro 

and transferred to neonata1 isologous mice, a typical. secondary 

immune response with high antib~ titers was initiated, presum

ably mediated b.1 the transferred cells. 

2.1.3.5 EFFECTS OF X-IRRADIATION ON CELL TRANSFER 

In the intact animal. it has not been possible to de

termine whether the immunosuppressive effect of x-irradiation is 

wholly caused b.1 direct injury to the antibody-forming cell(s) 

or whether secondar,y humoral. factors are also involved. Dixon 

et al. (60) presented evidence to support the latter possibUity 

by comparing the amount of antibody produced in irradiated and 

normal. recipient rabbits following the transfer of spleen ce11s, 

obtained from previously immunized rabbits, which were x-irradiated 

in vitro. A large number of irradiated recipients faUed to 

support antibody ~thesis by cells given 400 r irradiation or 

more whereas normal. recipients of irradiated ce11s formed anti

body without the adJninistration of antigen. In addition, no 

detectable primary antibody response to bovine gamma globu1in 

occurred following the transfer of normal lymphoid ce11s and anti

gen to irradiated recipients (60). Weigle and Dixon (61) found 

that the transfer of normal. lymphoid ce11s to unirradiated re

cipients previously made tolerant to bovine gamma globu1in 
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did pemit the irduction of a primary immune respone. This f'ind

ing suggested that the irradiated recip1ent e1ther barbors some 

sort of inhib1tor, circulating or sessile, or 1s in some vay 

immunolog1cally def'1c1ent, and that the immunosuppressive effect 

of irradiation must be accounted for by more than just the dir

ect injury to the lymphoid cells. 
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2.2 DEVELORvlENT OF TISSUE CULTURE METRODS 

The in vitro tissue culture methods current1y used 

evo1 ved quite natural.l.y from some of the basic and early techniques 

of embx-yo1ogy which were used during the latter half' of the last 

century. Whilhelm Roux (62) in 1885 pertormed. the first successfUl 

tissue cu1ture exper1ment by mainta1ning the medullary plate of a 

chick embryo for a few days in warm saline. Jolly (63), in 1903, 

observed "that salamander. leucocytes could survive and divide in 

vitro for a period of at least thirty days. Three years 1ater, 

in 1906, Beebs and ~'w1ng (64) cultured, with some success, an 

1ntectious canine lymphosarcoma in medium conta1ning blood from 

resistant and non-resistant animals. The resu1ts of these experi

ments vere generally unsatisfactory with the cells survi'Ving for 

only a few d~s. 

A true and genuine demonstration of tissue survivaJ. 

under culture conditions was that of Ha:-rison (65) in 190'7 who 

observed a continuation of no:nnal function and survival of frag

ments of the medullary tube region of trog embryos cultured in 

clots of frog lymphe These fragments were mainta:ined in aseptic 

condition and growth of axones (nerve fibers) il1 these fragments 

was observed. 

Burrows (66), in 1912, successtully used plasma clot 

as culture medium instead of lymph clot. Shortly a:fterwards, 

Burrows and Carrel (67) studied the effects of tissue extracts on 
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grollth of tissues in culture and .observed that embryo extracts had. 

a strong grollth-enhancing effect on certain cells. Henceforth 

plasma clot was supplemanted with embryo extracts in tissue culture 

exper1ments by Many investigators. Thompson (68) in 1914, cultured. 

small fragments of embryonic chick tissue fragments, placed very 

close to each other, and observed continuous cellular dit:ferentiation. 

The greatest ditticulty in tissue culture technique 

at the tum of the century wu to avoid contamination. Carrel (69) 

was largely responsible for the development of the methods for 

culturing tissues under sterile conditions. He wu able to keep 

strains of cells in active multiplication for several years in 

vitro. However the tedious and meticulous surgical technique used 

by Carrel discouraged many investigators :from employing tissue 

culture techniques. 

It was during the period of 1914 to 1925 that tissue 

culture began to receive widespread attention and gained Many inter

national disciples. Carrel (63), Ehling (70) and the Lewises (71, 

72) in the United. states, strangeways (73) in England., Fischer 

(74) in Denmark, Champy (75) in France and Chaplin (76) in Russia 

were the major investigators during this period who employed 

tissue culture techniques for various studies. It was Strangeways 

(73) who provided the first complete description of the process 

of cell division and inspired Canti (77) to initiate experiments 

which culminated in the preparation of the MOst exciting and in

formative cinematographic films of cells migrating aM dividing 
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in culture that had. been taken to that day. Photographie evidence 

of' cell division had already been shown in 1913 in France by 

Comadou et al. (78) but Canti' s f':llms were superior technicaJ.ly and 

in content. 

Carrel and. Baker (79) investigated the composition 

of' the medium emp10yed in tissue culture in orcier to identify the 

:important constituents requ1red f'or opt:1mal. growth conditions. 

This work was carried f'urther by Fischer (80), Parker (81), White 

(82, 83), W8iYJDOuth (84, 85) and Eag1e et al. (22). Their investi.

gations resulted in the deve10pment of' the synthetic culture media 

currently used. 

In 1933 Gay (86) and h1s co-workers deve10ped the 

roller tube, wh1ch was f'ound to be superior to the stationary 

culture tube since more tissue could be p1aced in it, more medium 

could be used and condit1clls could be better controlled due to 

constant mix1ng. This culture technique permitted the initiation 

of' studies concerned with the nuc1eoprotein content of' grow1ng 

ce11s and. al.lowed f'or a study of' bio1ogical activity on a per cell 

basis. 

In 1941, Medawar (87) used. tryptic digestion to 

separate epidermis from dermis in connection with gratting proce

dures fœ wound healing. About ten years 1ater, in 1952, Mos

cona and. Moscona (88) deve1oped. a more re1iab1e and. praetical 

method f'or dispersing viable cells 'With the he1p of' trypsine 

Short1y afterwards RinaJ.dini (89), l).ù.becco (90) and. Younger (91) 
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• 
applied the Moscona technique to enable the growth of cells as 

monolayers in culture. 

The improvements of the basio tissue culture pro-

oedures have permitted the development of mass cell culture tech-

niqnes which have opened doors for fUrther studies at the oellular 

level with very obvious and. practical applications. 
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2.;3 mmNOLOGICAL STOnIES IN VITRO 

2.3.1 EARLY srooIES 

Pfeiffer and Marx: (92) in 1898 prepared cell-iree 

extracts of tissues :from :lmmunized animals andfdUDd that 1ymph 

nodes, spleen and bone marrow contained antibody before it could 

be detected in the serum. In 1912, Carrel (69) c1a1med to have 

shown antibody production by' adult guinea pig lymph node and bone 

marrow fragments in tissue culture. He mixed fragments of these 

tissues in the presence of goat erythrocytes in culture dishes. 

M'ter three to fi ve days he prepared ext.racts from the fragments 

which produced hemolysis of goat rad cells to a degree greater 

than that of extracts prepared from control tissues incubated in 

the absence of goat erythJ»cytes. It was also in 1912 that Ludke 

(93) produced evidence of antibody production in vitro by' cultures 

of spleen and. bone marrow fragments of rabbits or guinea pigs 

which had. been actively immunized with killed salmonella or shigella 

bacteria a few days previous1y. He c1aimed that his culture 

supernatants had agg1utinating antibody titers up to 1,160. It 

was not until 1925 that Kuezynski et al (94) attempted a similar 

exper1ment by' culturing rabbit spleen cells in the presence of 

sheep erythrocytes but they failed comp1etely to show production 

of any detectab1e amount of antibody. On the assumption that the 

antigen May not have diftUsed adequately into the cells, they 

injected sheep er,ythrocytes into the rabbits before sacrifice but 



again obtained negative in vitro results. Meyer and lDwenthal (95), 

in 1928, were the f'irst to c1a1m the demonstration of' ,actual. secre

tion of' measurab1e antibody into the medium. in vitro by lymph node 

fragments obtained f'rom rabbits previously :bmnunized vith salmonella 

typhi vaccine. They reported hemagg1utinatination titers up to 

1&:320, tissue growth and inhibition of' antibody f'omation when an 

excess of' manganese ionswere added to the medium. This lIOrk was 

criticized in 1937 in a review article by Salle and McOmie (96), 

who suggested that the results could be attributed to the gradual 

auto1ysis of' cells and. re1ease of' intracellular antibody which had. 

al.ready been produced in the intact jmmunized animal. 

2.3.2 REŒNT STUDIES 

2.3.2.1 GENERAL CULTURE CONDITIONS 

(A) ANTIGENS USED 

There seems to have been no special thought given 

to the choice of' antigen used in in vitro studies. As can be seen 

f'rom Tables I-IV, a large number of' antigens-solub1e, particu1ate, 

bacterial ard tissue antigens-have been used, the choice apparent1y 

depending on ~b!dr availabl1ity and. convenience of methods f'or detect

ing the corresponding antibody. 

(B) PREPARATION OF TISSUES FOR CULTURE 

Various tissues of' the rabbit, rat, mouse, guinea 

pig, monkey, f'rog, chicken and. man have been used to study the 
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immunological response in vitro -(Tables l-IV). These include 

lymph node, spleen, thymus, bone marrow, appendix, i1leum, colon, 

retina, liver, lung, kidney, ad.renaJ., thymus and peyers patches. 

SeveraJ. dirterent techniques have been utilized. in 

the preparation ot tissue tor. culture. Most commonly used are 

perfused organ cultures or tissue slices in which metabolic activ

ity appears to be tavourable f'or antibody' tomation, probably 

attributclJle to the retention ot the original. architecture ot the 

tissue. 

The technique ot tragment culture involves the cut

ting of' the tissue into small pieces approximately l mm3 and 

placing them into a suitable media. Although necrotic degeneration 

sets in rap1dly in the centers ot the se tragments, some cellular 

population (s) are capable ot migrating and multiplying. There 

is no substantial and detailed hi&tological study available ot 

fragments cultured in vitro. 

The technique of culturing ceU suspensions has 

also been used recently in the study of' the immune response in vitro. 

The original organizat.ion of the tissue is completely destroyed 

but the total cell population is preserved and expOsed t.o the 

culture medium. Rapid changes in tbi8 preparation are noticed 

during the first 48 hours of culture due to differential death and 

proliferation. There is evidence of antibody synt.hesis vith all 

of the above mentioned tissue preparations. Qu.ite bigh rates of 

antibody synthesis have been obtained. vith perfused organ cultures 
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or with tissue slices obtained from previously immunized animals 

when incubated for short periods of time (97 ~).~ -~'. Fragments of 

tissues of previously immunized animals have been found to be more 

sui table for studying long term antibody fo:nnation in culture in 

vitro (99-106). Cell suspensions have been used, though with less 

success, in the demonstration of antibody s,ynthesis (107-120). 

It has also been shown qy Nossal and others (24, 

121-130) that single cells incubated in microdrops can synthesize 

antibody detectable qy bacterial agglutination, adherence or 

neutralization techniques 

A technique for detecting hemolytic antibody pro

duced by a single cell has also recently been developed qy Jerne 

and co-workers (136, 137). Hemolytic antibody released qy a cell 

becomes bound to the erythrocytes present in a semi-solid medium. 

"When complement is added, a small area of lysis or plaque is 

formed around the cell. This method has been successfully used 

by maqy investigators (114, 115, 131-142). 

(C) CULTURE CONTAINERS 

Tissue slices, fragments and suspensionshave been 

cultured in petri dishes, glass or plastic culture tubes, Leighton 

tubes and prescription bottles. These cont~lers have been maintained 

in a station~, straight or angledposition or have been rotated at various 



speeds. The main variables include glass versus plastic tubes, 

shaking versus stationary culture, depth of medium over the cells, 

surface area of culture tube, composition of the gas phase and 

changing and composition of the medium. 

(D) MEDIUM AND NUTRIENT CONDI1'IONS 

A wide range of media has been used for cell and 

fragment culture. Dilute cell suspensions may requ1re factors 

not requirèd by dense cell suspensions or fragments, since eSGcn-

tial metabol1tes are released into the medium. For long incubation 

periods, addition of serum or seme other nutrient has in general 

been used. In most cases, as seen in Tables I-IV, the medium. has 

contained fi ve to fifty percent homologous normal serum. 

The addition of purine and pyrimidine bases, vita.-

mins and essential amino acids did not produce an enhancing effect 

(143) in cultures of immune rabbit spleen fragments maintained. in 

Eagle 's medium containing ten percent normal rabbit serum. High 

concentrations of amino acids, purine and pyr1midine bases has 

inhibitory effects. The optimal. concentration of amino acids in 

the medium has been investigated in detail (144, 109, 99). 
-

Ambrose (145, 146) bas demonstrated that 1ymph node 

fragments of previously immunized rabbits synthesized more anti-

body when the serum was rep1aced by 0.01 to 1 uM hydrocortisone, 

provided that the medium was supp1emented with serine (0.1 mM). 

The medium was iUrther improved by the addition of insulin and 

vitamin BJ.2' but this finding was not consistent. The presence of 



hydrocortisone was found to be more critical during the early 

phase of culture and could be removed after eight to ten da:ys 

of culture (145, 146, 102). 

Heterologous serum has been used by various workers 

in place of autologous serum in the medium. Presumably it can 

supply the components necessar,y for the maintenance of antibody 

synthe sis • Dresser (147) observed a considerable variation in 

the ability of heterologous sera to support antibody synthesis by 

guinea pig lymph node fragments. Fetal calf serum has also been 

shown to support antibody synthesis (116, 148,11:t9). Dutton (152) 

has shownthat fetal. calf serum could induce DNA :formation in 

rabbit spleen cells in vitro. Hom et al (153) and Mo11er (15!J.) 

showed that fetal calf serum contains a factor which cm agglut

inate mouse spleen cells. Patterson et al (155) sho~d that 

cultures of spleen cells from chickens ~zed with bovine 

serum albumin and horse spleen ferritin cultured in medium 199 

supplemented with two different nutrients produced ce11s with 

different morphclogy. Cultures in homologous normal chicken serum 

presented with cells with the appearance of macrophages, large am. 

small lymphocytes, plasma cells and monocytes. Cultures of ce11s 

of the same spleen in medium containing egg albumin contained 

small cells with the appearance of either small lymphocytes or 

small plasma cells. 
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CE) CELL DENSITY 

An increase in cell concentration in culture seams 

to obviate some difficiences in the medium. (156). The prolifera.-

tion of mouse spleen cell suspensions in modified Eagle' s medium 

is particularly dependent on cell density as 1.5 x 106 cells per 

ml was found to be optimal. for DNA synthesis (152). Our own etud

ies suggest that 106 cells per ml i8 optimal. for marlmal. and long 

tem DNA synthesis in rabbit lympboid cells (157). Moorhead et al. 

(1,58), in a recent quantitive studNr·c of in vitro st1mulated blood 

leucocytes, have shown that DNA synthe sis is affected by varia.

tion in cell number, duration of culture and area of the surface 

on wh:ich the cells are cultured. They demonstrated, in both 

mmd leucocyte and antigen st1mulated cultures, that as cell 

density increases~ the synthesis of JJNA increases proportiona-.y. 

The opt1mal results lœre al.ways obtained bet_en the fi:t't.h and 

seventh da;y of culture. Using horizontally and vertically placed 

Isighton tubes they clearly demohstrated that the activity in 

the vertical. position greatly exceeded the activity in the hor

izontal. position. They demonstrated that there was a progressive 

increase in activity as the cells _re more closely approximated 

in the tube. 



2.3.2.2 FRAGMENT CULTURE IN VITRO 

A. PRJlv1ARY ANTIOODY RESPONSE 

(ii) Antigen Administered In Vivo 

There have been some attempts to study the primary 

immune response in vitro by cul turing 1ymph node and spleen frag

ments from animals injected with antigen a few hours or a few days 

prior to sacrifice. stevens and McKenna (159) incubated bovine 

gamma globulin for one hour with sp1enic fragments fram rabbits 

immunized with Salmonella typhosa endotoxin twenty four hours 

previous1y. After washing off excess antigen, the fragments were 

p1aced in a synthetic medium. A small amount of hemagg1utinating 

antibody appe ared in the medium after only one hour incubation 

but 1arger amounts of antibody appeared with longer incubation. 

Mountain (143, 160), Kong and Johnson (161), and Schoenberg et al 

(162) injected rabbits with S. typhosa, bovine gamma globulin and 

diphtheria toxoid antigens, respective1y, in order to demonstrate 

the capacity of spleen fragments to re1ease antibody into the 

culture medium in vitro. Kong and. Johnson (161) showed that anti

body synthesis could be inhibited by the addition of 5- fluro- 2-

deoxyuridine which could be parti~y restored qy the addition of 

thymidine. 

La Via et al (163) administered S. typhosa antigen 

into rats and cultured their sp1enic fragments in synthetic medium. 

They added 1abelled amino acids to the medium which resulted in the 

demonstration of radioacti ve1y-1abe11ed aritibody in the supernatants 
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of these cultures. Similar results have been reported by Pernis 

et al (164) and Grabar and. Corrazier (165). 

Berg1und et al (166) :ilI1munized mice wi th sheep 

er,ythroa.rtes and three d~s 1ater they cultured sections of spleen 

in agarose medium on glass slides in the presence of sheep er,ythro

cytes and complement. Plaque forming cells were observed in the 

sp1enic sections. 

Leibowitz and Parks (167) injected. bovine serum 

albumin into the corne a of rabbits and. cultured corneal fragments 

in vitro. They demonstrated that antibody formed in vitro could 

induce a passive cutanous anapby1axis reaction in guinea pigs. 

The above resu1ts are summarized in Table I-A. 

(ii) .Antigen Incubated In Vitro 

Saunders and King (148) cultured normal !nouse spleen 

and thymus fragments together in the presence of co1iphage Rl7 

antigen and c1ajmed to have ·shown induction of a primary immune 

response which was measured by the phage neutra1ization technique. 

Tao and Uhr (168) described similar resu1ts using rabbit 1ymph node 

fragments. 

G1oberson and Auerbach (169, 170) injected phyto

hemagg1utinin into mice, cultured sp1enic and 1ymph node fragments 

seperately in the presence of sheep er,ythroa.rtes and demonstrated 

the appearance of hemagg1utinins and hemo1ysins in the culture 

supernatants. They failed to show any detectab1e amount of anti-
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body when thymus fragments were cultured under similar conditions, 

For a summar,y of the experiments referred to above 

see Table I-B. 

B. SECONDARY ANTlOODY RESPONSE 

(i) Antigen Administered In Vivo 

A summar,y of the published experiments demonstrating 

the capacity of tissues of immunized animals to continue s.ynthes

izing antibody in vitro is presented in Table II-A. Therefore 

only the relevant and best documented experiments will be dis

cussed. 

Stavi tsky (lll) showed that lymph node and spleen 

fragments from rabbits previously immunized with either diphtheria 

or tetanus toxoid could continue to produce diphtheria or tetanus 

antitoxin when cultured in s.ynthetic media. The addition of cyanide 

or dinitrophenol resulted in complete inhibition of antibody pro

duction. He stated that the in vitro synthesis of antibody appeared 

to parallel its in vivo s.ynthesis. 

Keuning and Van der Slike (22), Thorbecke and 

Keuning (171) and McKenna and stevens (172) have also reported 

similar results when rabbit lymph node or spleen fragments were 

cultured in medium. They utilized the hemagglutination technique 

to show specific antibody released into the media. 

Askonas et al (173), Ranney and IDndon (174), 

Askonas and Humphrey (97), Wolf and Stavitsky (l44) Keston am 

Ketchen (176), Lazda and starr (177) and Thorbecke (1!4-9) employed 



the 1abelled amino acid incorporation technique to demonstrate 

continuation oi antibody s,ynthesis by lymph node and sp1enic 

fragments of rabbits producing a secondary 1mmune response to 

various prote in antigens. 

(11 ) Antigen Incubated In VitrO 
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A SU1IIIlary of the published experments re1ated to 

the induction of a secondary immune response in vitro is preseDted 

in Table II-B. 

Michae1ides (100) reported upon experiments vith 

lymph node fragments, obtained fram rabbits previously :1mmu.nized 

with diphtheria to:xoid, cultured. in Eag1e' s medium in the presence 

of the :immunizing antigen. He was able to show a small increase 

of antibody production by the fragments which had been exposed to 

the antigen. l<iichae1ides and. Coons (99) reported that, vith diph

the ri a toxoid as the antigen, lymph node fragments maintained 

their capacity to praduce a secondary immune response for several 

days after the beginning of culture. With bovine serum albumin 

as antigen, the in vitro immune response 1asted for four weeks. 

<1Brien et al (101) studied the morpho1ogical changes taking place 

in the stimulated fragments by means of the :immunofluorscent tech

nique. They reported that no antibody-containing cells could be 

found tl«> days after in vitro stimulation. By day three, a few 

cells with cytoplasm stained vith the fluorescein conjugate could 

be se en and by the fourth day many antibody containing plasma cells, 



immature as well as mature, ~re w1de1y distributed througbout 

the fragments. By the eighth day and thereafter, MOst of the 

stained. cells vere mature plasma cells. 

stavitsq (178), stavitsky and \-blf (179) Halidq , . 

and Garvey (102), Kritzman and Harper (180),Obrien and Coons (:l.01~ 

stevens and McKenna (182), Ambrose and Coons (183), Juhasz and 

Rose (104), Juhasz and Richter (105) and Richter et al. (106) have 

all dElllonstrated the induction and maintenance of a secondary 

immune response by lymph node fragments from rabbits previously 

immunized with various protein antigens using the passive hem

agglutination technique. 

stavitsky (178), Stavitsky and Vblf (179), Richards 

et al (184) and Dresser (185) utilized the 1abelled-amino acid 

incorporation assq to demonstrate the induction of a seconda.ry 

antibody response in vitro. 

Tao (103) cu1tured 1ymph node fragments :from rabbits 

previous1y :immunized with bovine serum al.bumin and bovine gamma.-

globulin. Upon the addition of phytohemagg1utinin to these cul-

tures, a linon-specifie" seoondary immune response was induced. 



2.3.2.3 CELL CULTURE IN VITRO 

A. PRlMARY ANTlBODY RESPONSE 

(i) Antigen Administered In Vivo 
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Roberts et al (186) cultued lymph node and spleen 

cell suspensions from rats injected with sheep erythroe.ytes several 

da ys prev:i.ously and demonstrated the release of hemagglutinating 

antibody into the culture medium. Langevoort et al. (187) cultured 

spleen cell suspensions fram rabbits immunized with bovine gamma

globulin and demonstrated the release of hemagglutinating antibody 

into the culture medium. 

Jerne and Nordin (188), Strandel' (189) and Tannen

berg (190) cultured spleen cells from mice prev:i.ously immunized 

with sheep erythrocytes and demonstrated the release of hemolytic 

antibody in the presence of sheep er,ythrocytes and complement. 

5trander (189) showed that the plaque-forming capacity of spleen 

cells could he inhibi ted by puromycin 9lld actinomycin-D. Massie 

and Frick (191) injected mice with penicillin-G which was conjugated 

to KLH. The spleen cell suspensions from these anmals showed hemo

lytic plaque-forming capacity when cultured in the presence of anti

gen-sensitized sheep cells and complement. 

Kern and Eisen (192) cultured lymph node cells fram 

guinea pigs prev:i.ously immunized w1th bovine gamma-globulin and 

demonstrated an increase in the incorporation of phosphate by the 

cells. They did not measure antibody s.ynthesis. 

In all of the experments referred to above, the 

animal.s were injected with the antigen only several days prior to 
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sacrifice and cu1ture of the cells. Therefore any ant1body detected 

by the cultures reprasents the continuation of the primary immune 

response in1t1ated in vivo. Â summary of these exper:iments i8 

presented in Table III-À. 

(11) Antigen Incubated In Vitro 

Many attempts have been made to induce the primary 

immune response entire1y in vitro. Fisbman (193) incubated macro

phages from rat peritoneal. exudates vith bacteriophage virus part

ic1e5. After thirty minutes, the excess antigen vas vashed off and 

the macrophages wera homogen1zed. The soluble macrophage extract 

vas incubated vith normal lymph node cells fram adult rats for 

twe1ve days. The medium vas changed at various intervals of time 

and tested for phage neutral.1zing activity. One experiment in five 

showed phage neutral.izing activity. This activity vas inh1bited 

by rabb1t anti-rat globuline No antibody vas detected vhen hetero

logous macrophages were used. Fishman (194) showed that vhen lymph 

node cells exposed to the macrophage extract vere p1aced in diffu

sion chambers and incubated. in the peritoneal cavit1es of x-irrad

iated homologous rats, a large amount of antibody vas detected in 

the culture media within the diffusion chambers. Friedman et al. 

(195) have successfully repeated Fishman' s experiments and. demon

strated the synthe sis of ant1body by the complement fixation test. 

McKenna and stevens (196) injected. rabbits intra

peritoneally vith sterile mineral oil and cul.turad peritoneal 



exudate c811s in vitro in the presenoe o~ bovine g8lllllla.-globulin and 

egg albumin. They olaimed that the &upernatants collected ~rom 

these cultures showed. hemagglutinating antibody titers o~ up to 

1:28. 

A large number o~ investigators have reported the 

in vitro induotion o~ synthe sis o~ h8lllOlytio antibody by cultures 

o~ normal spleen cells incubated with sheep erythrocytes and. oom

plement. Mishell and Dutton (107), l-larbrook (197), Zalberg et al 

(198), BIlssard and Anderson (199), Mosier (200), Hege and Cole (201) 

and. Robinson et al (202) have a1l demonstrated hemolytic plaque 

~omation by ft nomal Il mouse spleen cells incubated with sheep 

erytbooytes in vitro. Robinson et al (202) demonstrated that the 

antibody synthesizing capacity o~ mouse spleen cells could be in

hibited by the addition o~ colchicin, actÜk)mycin-D and. rabbit 

anti-mouse globuline Hege and Cole (201) claimed that the addition 

o~ phytohemagglutinin could enhance the plaque ~omation and that 

neonatal thymectomy and. x-irradiation o~ adult animals did not in

hibit the plaque ~orming capacities o~ nomal mice. Bussard and 

Lurie (203), Bandinelli and Wedderbern (2Q4.) and BIlssard(20S) 

utUized mouse peritoneal exudate cells to demonstrate hemolytic 

plaque ~ormation induced by prior incubation with antigen in vitro. 

A short summary o~ these results, in tahùar ~om, 

is presented in Table III-B. 



B. SECONDARY ANTIOODY RESPONSE 

(i) Imtigen Administered In Vivo 

Experiments 1'8lated to the maintenance of a secon

dary iDmune response in vitro following antigenic stimulation in 

vivo are summarized in Table IV-A. In the majority of the investi

gations, the animal was sacrified and the spleen and 13mph nodes 

we1'8 extirpated at the time when the donor animal was synthesizing 

antibody at a maximal rate during the secondary immune 1'8sponse 

induced in vivo. 

Thorbecke et al (151) and Cremer (206) immunized 

rabbits with bov:ine gamma.-globulin, ovalbumin, bov:ine serum albumin 

or hemocyanin and cultured splenic celi suspension in synthetic 

medium. They demonstrated hemagglutinating aoti vit Y in the super

natant culture fluids. Roberts et al (186) utilized rat spleen and 

lymph node celi suspensions to demonstrate s:imilar results in vitro. 

Fleishman (207) induced a secondary immune response 

in rabbits with bacteriophage antigen and demonstrated the capacity 

of their lymph node cell suspensions to continue synthesizing anti

body which was detected by the labe11ed amino acid incorporation 

technique followed by co-precipitation. D,ttton et al (208), DIl.tton 

and Pearce (209), Smiley et al (110), Dutton et al (210), steiner 

and Anker (ll2), Vaughan et al (109) and Smiley and Jasin (211) 

have all demonstrated the synthesis of specifie antibody in vitro, 

directed against various prote in antigens, by the method of labe11ed 

amino acid incorporation f0110wed by co-precipitation. D,ttton (212) 



described. that the specific anti]xJdy synthesized in Ids cultures 

could be completely inhibited by bigh concentration of H3_labelled 

thymidine. Hulliger am Sorkin (119, 120) cultured thoracic duct 

lymphocytes and peripheral leukocytes obtained from rabbits after 

secomary :1mmunization with human serum albumine The synthe sis of 

antibody was detected by incubation of the cultures with radio

active &mino acid. followed by co-precipitation of the supernatants. 

Sussdorf (213) sbowed that subcellular preperations 

of spleen obtained from. rab bits previously hmnmized with sheep 

erytbrocytes could. continue to produce small amounts of hemolytic 

antibody in vitro. 

Krueger and Twedt (118) demonstrated the antibody 

fol'ming capaci ty of spleen cells of frogs immunized previously with 

s. typhosa antigen. The technique of bacterial immob1l1zation was 

utilized. Ainis (214) demonstr~ted precipitable amounts of anti

body which had been synthe.ized by spleen ceU suspensions from 

rabbits which had been hyper:1mmunized against hamocyanin. 

(ii.) Antigen Incubated In Vitro 

Less successful results have been obtained in inves-

tigations dealing with the induction of the secondary :immune response 

in vitro. The majority of investigators have utilized a relatively 

sensitive isotope incorporation assq to d.emonstrate the induction 

of the secondary immune response in vitro. 
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Helmreich et al (114, ·115) byper1mmunized rab bits 

with dinitrophenol, bovine gamma.-globulin and. ovalbumine When 

~ph nod.e celi suspensions were incubated for a short period of 

time in the presence of the immunizing ailtigens, antibody synthesis 

was demonstrated. by the amino &cid incorporation technique. 

Scharff and. Uhr (116), Bussard and. Hu.yny (215) and. 

Popisil (216) cultured lymph node cells obtained from rabbits pre

viously injected. with T2 phage, sheep erythrocytes and. Brucella 

antigens, respecti vely. The labelled amino &cid. incorporation 

technique was employed to demonstrate a small amount of antibody 

synthesized following an exposure to the specific immunizing anti

gen in vitro. Medzon and. Vas (217) sbowed"\:bit.tlBsecondary immune 

response by rabbit lymph node celi suspensions could be inhibited 

by the addition of New Castle disease virus. 

Capalbo et al (218) showed. that spleen cells from 

. rats and mice previously immunized with sheep erythrocytes could 

initiate a secomary immune response foliowing incubation with 

sheep erythrocytes in diffusion chambers implanted in the peri

toneal cavity of x-irradie.ted. bomologous animals. Hemagglutinating 

antibody was demonstrated in the culture mediWll within the chambers. 

Van der Meer and Koningsberger (219) cultured spleen 

celi bomogenates obtained from rats previously immunized. w1th 

phage x-174. They claimed. that a secondary immune response was 

initiated. in the cultures foliowing an exposure to the immunizing 

antigan. The presence of antibody s,ynthesized by the subcellular 
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preparation vas demonstrated by the phage nutraJ.ization ASsay. 

Richardson and Dutton (117) hyperiDmunized rabbits with sheep ery

throcytes. When the spleen cells were subsequently incubated with 

sheep erythrocytes and complement in vitro plaque f'oming cells 

were detected, th:œ demonstrating antibody f'onnation in vitro. 

A brief' summary of' the experiments presented above 

is presented in Table IV-B. 

Human Cells 

(iii) mastogenic and Mi togenic Response 

To Specifie Antigen (s) In Vitro 

Various antigens have been shown to possess the ca

pacity to stimulate peripheral blood lymphocytes obtained f'rom the 

specif'ically-immunized individual to undergo blastogenesis and 

mitosis. Specifie antigens st:imulate the enlargement of' 5 to 40 

par cent of' the cells af'ter 5 to 10 days of' incubation. The 

mechanism of' this transf'omation,.,which provides an in vitro method 

f'or the diagnosis of' immunity and hypersensitivity, will be dis

cussed in Chapter 2.3.2.7. 

Timof'ejews~ and Benewolenskaja (220), in 1926, 

suggested that it might be possible to diff'erentiate leukocytes 

derived f'rom immune and non-1nmune donors by a study of the reaction 

of' the cells to microbes and toxins in an in vitro system. They 

(221) also reported that human lymphocytes and monocytes transf'ormed 

into polyb1asts and epithelioid. cells in the presence of' tubercle 
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baci11i. Pearmain et al. (222), Schrek (223), Hirschhom et al (224), 

Marshall and Roberts (225) and Cowling et al. (226) all showed that 

the addition of the purif'ied prote in derivative (PPD) of tuberculin 

to cultures of lymphocytes from individual.s sensitive to tubercul1n 

induced the appearance of blast cells and mitosis. The in vitro 

mitogenic action of PPD on lymphocytes of tuberculin-positive 1ndi

vidual.s was :f'u.rther C<:\nfirmed by Coulson and Chalmers (227), Hartog 

et al. (22B), Caron' and Sarkany (229), Gump et al. (230), Rauch (2:31), 

McFarland and Heilman (232), Caron (233), Heilman and McFarland .~ 

(2:34, 235), F1reman et al. (2%), Hirscbhorn et al. (237), Vischer 

(2:38) and Mayron and Baram (239). Aspergren and Rorsman (240) 

observed that tuberculin in culture medium stimulated mitosis in 

leukocyt&s of 14 of 20 tuberculin-positive patients and 4 of 10 

tuberculin-neg&tive persons. Heilman and McFarland (2:34) and Ricci 

et al. (241) showed. that cultures of peripheral lymphocytes obtained 

from patients with active tuberculosis were not transformed af'ter 

the addition of PPD, thus confirming the earlier findings of Pear

main et al (222). Heilman and McFarland. (234) suggested that the 

inhibitory activity resided in the tuberculosis serum or plasma, 

based on their find1ngs that tuberculous serum or plasma depressed 

the mitogenic action of tuberculin on lymphocytes from healthy 

tuberculin-positive donors. 

Lycette and Pearmain (242) cultured lymphocytes 

from individual.s :immunized with poliomyelitis antigen. The 
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addition of Sabin vaccine to the cultures produced blast ~ans

formation and. mitosis in all cases. Elves et al. (243, 244) 

observed that tetanus toxoid, typhoid-paratyphoid. vaccine (TAB), 

Hemophilus pertussis vaccine, diphtheria toxoid, poliovirus 

vaccine and smallpox vaccine were able to induce blastogenesis 

when added to cultures of lymphocytes obtained from patients 

sensitized to these antigens. Hirschborn et al (24,5) reported 

similar results using diphtheria toxoid., pertussis vaccine and. 

penicillin as antigens. Ling and. Husband. (246) added a number of 

antigens (TAB, Tetaxus toxoid, PPD and. endotoxin) to cultures of 

lymphocytes from sensitized patients and observed no blastogenesis. 

Cowling and Quaglino (24'7) determined. the optimal 

concentrations for various antigens (old tuberculin, diphtheria 

toxoid., TAB vaccine and tetanus toxoid) to induce blastogenesis 

in cultures of human peripheraJ.. lymphocytes after seven days of 

incubation. Mixtures of antigens showed no summation of effect 

and the transfonning activityof PRA was not inhibited by any of 

the antigens tested. 

Caron (233) incubated ~hocytes from a donor 

sensitized to both tetanus toxoid. and. smallpox vaccine with mix

tures of varying concentrations of these antigens. When both 

antigens were present at their optimal concentration~,there was 

no summation of the effects produced by each antigen separately 

The only circumstance: in which a swmmation effect was detected 

was that in which both antigens in the mixture were at concen-



1;ratioDs considerably belov thEdr. optimal. Girard et a1 (248), using 

1:Y111Phocytes of patients allergic to ragweed., a1ternaria am. penicillin, 

a1so observed no cumulative st1mul.atory effect when tvo or more antigens 

vere added s1mu1taneously to· the culture. 

Lycette and Pearmain (242) cultured. 1ymphocytes obtained. 

tram fi'Ve patients with severe grass hay 'lever. A po1yval.ent extract of 

grass pollens, which gave strongl.y positive sld.n tests, vas added to the 

cultures. mast ce1ls and mitoses vere observed. d'ter four to six days 

of incubation a1though DlUch 10wer in number when oompared to cultures of 

PRA stimulated cells. Wiener and Brasch (249) reported that the addition 

of grass-pollen extraots to 1ymphocytes fram sensitized individua1s resu1-

ted. in signif'icant increase in the number of mitoses. This mitogen1c 

effect vas inbibited when 1eukocy\;es of desensitized patients vere used. 

Zeitz et a1 (250) observed. b1ast transformation in cultures of periphera1 

1ymphocytes obtained from timothy-sensitive indiv1dua1s when timothy pollen 

vas added to the 1ymphocyte cultures. The response vas not changed vith 

hyposensitization treatment, thus not supporting the f'indings of Wiener 

and Brasch (249). Girard et a1 (~) were al.so able to obtain b1astogenesis 

using ragweed, a1.ternaria and penic1llin as antigens. The results in aU 

of these investigations were based upon a morpho1ogica1 analysis of samp1es 

of the cell suspensions. However, tbis technique of estimating the b1as

togenic response is high1y subjective and, as stated. by Girard et al. (248), 

it is somet1mes very dif'ficult to dif'ferentiate blast cells trom other 

1arge mononuclear cells, such as macrophages, a:tter severa1 days in culture. 

Richter and Naspitz (2.51) cultured 1ymphocytes of ragweed allergie patients 

and normal. contro1s vith the allergen and measured the blastogenic response 

by the incorporation of radioactive thymidine into the entire ceU population. 

The results refiect the behaviour of the entire oeU popu1ation and therefore. 
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circumvents the errors inherent in a purely morphologica1 anal.ysis. 

Eighty per cent of the cultures obtained. trom the allerg;i.c patients 

inco~rated. thymidine specifically to a degree 4-18 t:imes that ot 

control au1tures. 

On the other band, Ricci et al (252) vere unable 

to induce blastogenesis in lymphocyte cultures trom patients 

sensitive to Graminacea pollens when th1s antigen was added to the 

cultures. Sim11arly, Mayron and Baram (2)9) observed. only a slight 

increase in the rate of nucleic acid synthesis when ragweed. pollen 

extracts vere incubated vith lymphocytes ot individuals vith rag

weed allergy. 

The tact that a large number of antigens possess the 

capacity to stimulate specifie blastogenesis in vitro prompted. 

several investigators to use this techn:1que as an· in vitro diagnos

tic tool for dru.g ~ersensitivity. Hirscbhom et al (~5) ra

ported that lymphocytes from patients vith allergy to penicillin, 

when cultured with this antibiotic, presented. with blastogenesis 

and. mitosis. Similar resul.ts were also obtained by Heitman (253) 

and Gotz and Heitman (254). Holland and Mauer (255) reported blast

ogenesis and. mitons induced in lymphocyte au1tures of a patient 

vith a sensitivity reaction to diphenylhydantoin by diphenylhydan

toin. Simi] ar findings were reported. by Caron and Sarkany (256) 

vith cells of a patient with sul.phonamide sensitivity. Vi.sher 

(238) exam1ned lymphocytes of patients sensitive to penicillin, 

phenylbutazone, isoniazid and p-aminosalicylic acid. Using the 

techn:1que of incorporation of labelled nucleic acid precursors, he 



was able to demonstrate stlmuJ.ation of the lymphocytes of only 2 

of 13 penicillin-sensitive patients. With the other drugs all 

cultures were negative. Girard et al. (248) added penicilloyl

polylysine to cultures of lymphocytes from penicillin allergic 

patients and found. that the number of blast cells was greater than 

in control cultures. 

Ripps and. Hirscbhorn (258) found that the addition 

of penicillin to cultures of lymphocytes from penicillin-allergic 

patients induced the formation of antibodies capable of binding 

penicilline 

R1pps &nt Fellner (259) found that lymphocytes of 

only eleven of seventeen penicillin-sensitive individual.s manifested 

a blastogenic in vitro response to penicilline These patients ra

acted to the intra.-demal injection of penicillin or penicilloyl

polylysine. Similar results were reported by R1pps et al. (260) in 

one patient sensitive to tetracycline. Gill (261) al.so obtained 

blast transformation using penicillin as an antigen. However, 

he report.ed that the spontaneous transfomation of the "allergic" 

lymphocytes in vitro, in the absence of any stimulant, vas greater 

than vith lymphocytes of non-allergic controls. Halpern et al (262, 

263), using severaJ. drugs including penicillin as st1mu1ants in 

leukocyte cultures from allergic patients, reported blast transform

ation a.fter four dqs of incubation vith the lymphocytes of MOst 

of the patients tested. However, Vbodli!f and Onest:i:.', (264) could 

not reproduce these findings vith, cells of a single patient sensitive 
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to penicillin and Sarkany (265) tested 22 different drIl.gs on cultures 

of l:ymphocytes fram 40 patients sensitive to these drIlgs and. was able 

to obtain blastogenesis in only sevan cul.tures. Evans (266) using 

penicillyl-polylysine and potassium benzyl penicillin G as antigens, 

found. no difference in response between the lymphocytes of control 

and antibiotic sensitive patients. 

Hashem and Barr (267) obtained blastogenesis in cu1-

tures of l:ymphocytes from sevan of nine patients vith degenerative 

nervous desease by incubating the lymphocytes vith rabies vaccine 

(rabbit brain) or vith a cell-free brain extract preparad from 

human embryos. Fowler et al (268) incubated cu1tures of peripheral 

blood lymphooytes, obtained from patients vith multiple sclerosis, 

with cerebrospinal fluid, the latter serving as the source of anti

gens. They found a significant increase in the percentage of lym-

phocyte transformation <if cells of patients in comparison to normal 

controls. Hashem et al. (2~ studied lymphocytes !rom child.ren 

vith eczema using extracts of autologous and homologous skin as 

antigens. The number of blast cells obtained was greater in lym

phocyte cultures of the patients as compared to controls. Fjelde 

and Kopecka (269), in sjmfiar studies, showed that autol~gous skin 

extracts induce a slight but definite blastogenic response i·n 

leukocytes fram atopic patients. Pass et al. (270) using a much 

more objective method to detect blast transformation an:l mitosis, 

by determining the uptake of tritiated thymidine, were unable to . 
reproduce the results reported by _both Hashem et al (26&i and Fjelde 

and Kopecka (269). 
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Patrucco et al. (271) cultured lymphocytes from 

patients vith systemic lupus erythematosus (SLE) with DNA. ffiast 

transformation was obtained vith the lymphocytes of 11 of 12 

patients vith SLE. No relation could be demonstrated between the 

degree of in vitro response to DNA and the titer of circulating 

antinuclear antibody. 

Hirschhorn et al (272) reported that lymphocytes 

from patients with sarco1dosis undergo transformation to blast 

cells in vitro when cultured for eight days in the preeence of 

Kveim antigen. Cowling et al (273) failed to observe stjmulation 

of lymphocytes !rom patients with sarcoidosis cultured in the 

presence of Kve:im. antigen. 

Animal Cells 

Aspergren and. Rorsman (2'74) sensitized guinea pigs with 

tuberculin and observed no blast transformation when this antigen 

was added to cultures of peripheral blood lymphocytes obtained. 

fram the sens1tized animals. Tuberculin did not inhibit the st1m

ulating effect of PRA. on the lymphocytes. On the other hand, in 

similar studies, Zwe iman j et al (274, 276) obtained opposite ra-

sults in that they observed blastogenesis and mitosis after addi-

tion of PPD to the cultures. Mills (277) immunized guinea pigs 

with tuberculin, egg albumin and bovine gamma globuline Only 

lymphocytes obtained fram animals which presented a delayed reac-

tion to these antigens underwent transfomation in vitro when cul-
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tured in the presence of the specific antigens. Negative results 

wera obtained in eu1tures of ~hocytes fram guinea pigs vith 

circulating antibodies. S1milar results were obtained by Oppen

heim et al (278) using ppn and. guinea pig albumin conjugated to 

orthanilic ac1d as antigens. 

Opposite rasults to those of Mills (277) aDd. Oppen

beim et al (278) were reported by V1sher et al (279) and by Visher 

and stastn;y (280). They iDmmnized r.abbits vith keyho1e limpet 

bemocyanin and found that cultures of peripheral lymphocytes frcm 

these anim51s, all of whOlll had demonstrab1e circulating antibody, 

pr~1iferated and incorporated tritiated thymidine in the presence 

of the antigen. Similar results were reporled by Dutton and Ead;r 

(281), Du.tton and Balman (281a), Chapman et 51 (282), Dutton and 

Page (384), Benezra et al (283) and Harris (284, 285). Zav51eta 

and stastny (286) obtained b1astogenesis and. mitosis, in the 

presence of specific antigen, vith lymphocyte cultures obtained 

:t'rom rabbits previously immunized to t~g1obulin and incubated 

vith tbis antigen. 



50 

2.3.2.4 SINGLE CELL CULTURE IN VITRO 

PRIMARY AND SECONDARY RESPONSES 

Nossal and Lederberg (121), Nossal (l~125), 

Makela and Nossal (24, 126, 127) and Nossal and Makela (23, 128, 

129) immunized rats with various Salmonella antigens, isolated 

lymph node cells by micro manipulation and incubated these cells 

in microdrops of Eisen' s medium containing a known number of Sal

monella organisms. Th':ly observed. agglutination and immobilization 

of the bacteria microscopically and concluded that Most anti boqy

producing cells belong to the plasma cell series. Occasionally, 

they observed lymphocytes with abundant cytoplasm and described 

this cell as an "aberrant type of plasma cell". 

Using the single cell culture technique, Nossal and 

Makela (23) and Makela and Nossal (24) ascribed the difference be

tween a primar,y and a secondar,r immune response to the greater 

number of antibody-forming plasma cells proliferating in the lymph 

nodes after the second~ injection of the antigen. They also con

cIudad that, during both the primar,r and. secondar,r immune responses 

to multiple antigens, antibody producing rat lymph node cells could 

form antibody of one specificity only. Less than two percent of 

the cells demonstrated antibody formation towards more than one 

antigen. They suggested that antibody-forming plasma cells are the 

descendants of primitive lymphocytes which proliferate rapidly even 

in the unimmunized animal and that the exposure to antigen provides 



a stimulus for some of these cells to differentiate into plasma 

cells. 

On the other hand, Attardi et al (30, 130) immunized 

rabbits with who le phage particles and later isolated lymph node 

cells by free hand manipulation and incubated them in droplets of 

medium for 48 hours. They observed these cultures for phage 

neutralizing activity and stated that antibody production was by 

no means confined to the plasma.-cell during both the pr:imary and 

secondar,y immune responses. Though a greater proportion of plasma 

cells than lymphocytes were observed to form antibody, the total 

number of antibody-fonning small lymphocytes was greater than the 

total number of antibody-forming plasma cells. Each lymphocyte 

contained approximately as much antibody as a plasma celle They 

further claimed that fifteen to twenty-two per cent of the plasma 

cells obtained from rabbit popliteal lymph nodes following immuniz

ation with two unrelated phage antigens were capable of"forming 

equal amounts of antibody directed to the two antigenically-distinct 

antigens. This work, therefore, contradicts that of Nossal and 

colleagues referred to above. 



2.3.2.5 BLASTOGENIC.AND 'MI1'OGENIC 'RS:sPONSE OF LYMPHOCYTES 

TÇt'PHITOH'&MAGGLUTININ IN VITRO ' 

A. ROMAN CELLS 

(1) Peripheral. Lymphocytes 

52 

There is good evidence from the reports of Marshal1 

and Roberts (287), MacKinney et al. (288), Hastings et al (289) and. 

Tanka et al (290) that the proliferating blast cells in cultures 

of human peripheral blood in the presence of phytohemagglutinin 

(PH!) originates :from sma;u lymphocytes. Robbins (291) m:ui Lin

dabl-Kiessling and Book (292) reported a nonnal response to PH! in 

cultures of peripheral lymphocytes obtained from foetuses and new

borns. Pisciotta et al. (293) analyzed the PRA response in. pe~ 

pheral lymphocytes obtained. from. healthy individuals ranging in 

age from l to 98 years. The ability of the lymphocyte to undergo 

blast transformation in response to PHA stimulation appears to 

reach a maximum at puberty and to de cline unifomly with age there

a:f.'ter. The data suggest that the diminished in vitro blastogenic 

response with age May be attributed to a cellular, rather than a 

humoral, factor. 

(n) Thoracic Duct Cells 

Cooper (294), Cooper et al (295) and Lindahl-Kiessling 

and. Werner (296) obtained an appreciable degree of cell transfoma

tion by incubating human thoracic duct cells with PH! in vitro. 
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(III) Lymph Node Cells 

Rubio and Zajictk (297 )reported that 70 to 90 per

cent of the cells aspirated from human lymph nodes and. cultured :ln 

vitro with PRA. transfomed to blast cells after three days of :in

cubation. Similar results were reported by W1nkenste:ln am. Crad

dock (298) and. McIntyre and. Segal (299). 

(IV) Thymus Cells 

Bain and Gould (300), Lischner and. Punnett (301) and 

Wilson (302) observed blastogenesis of human thymus cells in the 

presence of PHA. McIntyre and. Segel (303) and strosselli et al 

(304), however, obtained negative results when human thymus cells 

were aultured in vitro with PHA. Claman (305) reported that nor-

mal human thymus contains at least t'WO populations of lymphoid. cells 1 

a major component which shows antonomous and unsustained prolifer

ativè activity and does not respond to PHA. and a second. minor cel

lular component which transfonns 8!rl proliferates in response to 

PHA.. 

(V) Tons1llar Cells 

Oettgen et al (306) studied the in vitro behaviour 

of human tonsillar lymphocytes. In comparison with peripheral blood 

lymphocytes, these cells showed a higher degree of transfo:nnation 

:ln the presence of PlIA. On the other hand, Goldfarb am. Ullal <:307) 

did not obtain blast cell transfonnation upon incubating human ton

sillar lymphocytes with PlIA. 



(VI) Spleen Cells. 

Bain and Gou1d (300) and Conen and Erkman (308) 

obtainad. a satisf'actory blastogenic response when spleen cells f'rom 

f'oetuses and infants vere stimu1ated wi th PliA in vitro. 

(VII) Bone Marrow Cells 

In the absence of' any communications in the litera.

ture deal.ing with the ef'f'ect of' PHA on bone marrow cells, it mq 

be assumed that this aspect of' bone marrow activity bas not been 

inve stig ated. 

B. ANIMAL CELLS 

(1) Periphel§l Lymphocytes 

~ 

Knight et al. (309) reported. that rat peripheral. 

lympoocytes survived poorly in the presence of' PliA in vitro. Mar

shall and Roberts (225) and Williams and Ray (310) vere unable to 

show transf'ormation of' these cells in the presence of PRA. Elrod 

and Scbreck (311), however, f'ound that rat peripheral. lymphocytes 

responded better to PRA when incubated in the presence of rab bit 

serum. MetcaJ.f (312) showed that these cells did not respond to 

PRA when cultured with rat .::.plasma, but were able to transfonn 

well in the presence of rat or human serum. Johnson et al. (31,3) 

showed that diffusion chambers placed in the ventral. abdominal. wall. 

of' rats provided optimal conditions to obtain a blastogenic ras

ponse to PHA with rat peripheral lymphocytes. 
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Knight et al (309) reported poor survival with only 

occasional transformed cells in cultures of mouse lymphocytes in 

the presence of PliA. Neither Elves (314), Marshall and Roberts (225) 

nor Wlllard et al. (315) wera able to show survival. of mouse lymph

ocytes in culture. lbwever, using diffusion chambers placed into 

isologous mice, Wi1l.ard. et al. (315) obtained some transformation 

in the presence of PlIA. Macario (316) reported a good degree of 

blast transfonnation when these cells were cultured in the presence 

of PliA. 

GUINEA PIGS 

Knight et al. (309), Sabesin (317), Aspergren and 

Rorsman (Z74) and Nichols and lsvan (318) reported that guinea pig 

lymphocytes could be sti.muJ.ated to transform into blast cells by 

PliA in vitro. 11arshaJ.l and. Roberts (225), however, could not demon

strate such transformation with guinea pig peripheral lymphocytes. 

RABBITS 

Knight et al (309), Sabesin (317), Nicholas and 

lsvan (318), F1krig et al (319) and Seli et al (320) observed a 

marked st:imulation of rabbit peripheral lymphocytes incubated in 

vitro with PRA. Williams and. Ray (310) and MarshaJ.l and. Roberts 

(225), however, did not observe b1ast transformation of rabbit 

lymphocytes after in vitro incubation with PliA. 



e\ 
MON1ŒYS 

Knight et al. (309) reports that peripheral. lympho

cytes obtained :from rhesus monkeys responded markedly to the in 

vitro àtjmu1ation by PlIA to a d.egree comparable to that obtained 

vith human lymphocytes. 

HAMSTERS 

Knight et al. (309) liere un~le to show blast trans

fozmation by incubating hanster peripheral. lymphocytes with PRA in 

vitro. 

(n) Thoracic Duct Cells 

~ 

Rieke and Schwartz (321), Rieke (322) am Metcalf 

(312) vere able to show blast transfozmation in cultures of rat 

lymphocytes derived from the tho:tacic duct lymph in response to 

PliA. They reportEKl that blastogenesis was inhibited if the rat s~rum 

was replaced by rat plasma in the culture medium. 

RABBITS 

Fikrig et al. (319) demonstrated that rabbit lympho

cytes obtained from the mesenteric lymph transfonned into blast cells 

when incubated i,rI v:i.tro in the presence of PRA. 

(III) L.ymph Node Cells 

~ 

Metcal.f (312) and Metcalf and Osmond (323) incubated 



rat I,mph node cells vith PRA in the presence of either rat serum 

or human plasma. They obtained a large number of blast cells 

after three days of culture. 

RABBITS 

Fof't and Romero (324) reported blast ceil transforma

tion in cultures of lymphocytes from rabbit 13Jnph nodes follow1ng 

incubation vith PRA in vitro. 

(IV) Spleen Cells 

RATS -
El.rod and Schrck (311), Metcalf (312) and Metcalf and 

Osmond (323) observed blast transfolmation in cultures of rat splenic 

lympbJcytes in the ~esence of PRA. 

RABBITS 

Harris and Littleton (325) and Schrek sni Batra (326) 

sho-wed that rabb:i.t splenic lymphocytes could transfonn into blast 

cells in the presence of PRA in vitro. 

CHICKENS 

W3ber (327) cultured spleen cells from four to ten 

-weeks old 'White Leghorn chickens in the presence of PRA and demon

strated a marked blast transfomation after 48 hours. 

(V) Thymus Cells 

RATS -
Schwartz and. Rieke (328) sho-wed that small lymphocytes 



fl'OD1 rat thymus cultured in vitro with PHA were transfol'med inta 

large blast cells. ~c cells from neonatal animals faUed ta 

respond ta PRA. Metca1f (312) and Metca1f and Osmond (323) also 

reporled a good response of rat thymic lymphocytes ta PRA in vitro. 

PIGS -
Weber (327) studied the in vitro response to PRA of 

lympmcytes obtained from pig thymus. He observed that within the 

first hour of culture six to eighteen percent of the lymphocytes 

wre synthesizing DNA. DI1ring the f'ollow1ng 24 bours a sharp de-

crease in the number of DNA s,ynthesizing cells was observed. This 

was followed by a definite peak in DNA synthe sis and mitotic res

panse in a minority of the cells between 48-,54 bours· of culture. 

'Weber (329) claimed that the lymphocytes capable of responding ta 

PRA are located predominently· in the medulla of the thymus. 

RABBITS 

Schrek and Batra (326) reported that PRA induced the 

transfonnation of rabbit thïvmic lymphocytes inta l:ympmblastoid 

cells. 

CHICKENS 

weber (327) demonstrated that lymphocytes obtained 

from four ta ten wek old chickens transfonned ta blast cells when 

cul tured wi th PHA in vitro. 



(VI) Appendix Cells 

RABBITS 

S9 

Schrek and. Batra (:326) failed to demonstrate trans

formation in rabbit appendix l:ymphocytes cultured with PRA in vitro. 

(VII) Bone Marrow Cells 

There has thus far been no report as to the capacity 

of bone marrow lymphocytes to transform to blast cells in the pre

sence of PRA. 



2. J. 2.6 BLAS'l'OGl!}lIC AND· MITOGENIC AGENTS OTHER· THAN 

PHlTOmtAGGLUTININ AND ANTIGENS 

A. lü.WGENEIC CELIS 
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Schrek and. Donnelly (:330) observed a number of large 

cells with large nuçlei and. nucleoli in a culture consisting of a 

mixture of bloods from two patients with hemochromatosis. However, 

they did. not elaborate on this observation. Bain, Vas and IDwen

stein (331) reported that when leukocytes from two nozmaJ., unre

lated subjects were mixed together and. cultured, a number of them 

transfonned into large basophilic cells that could synthesize DNA 

and undergo mitosis. The blast cell obtained in the m1xed leuko

cyte reaction was morphologicaJ.ly similar to that obtained following 

incubation with PRA although it was a less intense reaction and. 

involved changes in a smaller proportion of the l.ymphocytes. Ery

throcytes, plasma or platelets had no effect in the mixed leuko. 

cyte reaction. These authors were the first to suggest a relation

ship of the mixed leukocyte reaction to homograft immunity. Hasham 

and Carr (332) obtained similar results when they incubated lympho

cytes of' two unrelated individuals. 

Jones (3:33) observed that the presence of large numbers 

of' polymorphonuclear leukocytes resulted in higher levels of blastoid 

transfonnation than when polymorphs were absent. 

Kasakura and IDwnstein (334) and Gordon and Maclean 

(335) reported that the cell·free medium obtained from single or 

mixed leukocyte cultures was aElé ta induce blastogenesis when added 



to homologous leukocytes. Kasakura and lDwenstein (:336) studied the 

physical and chemical. properties of this blastogenic material. and. 

suggested that it May contain transplantation antigens. It has also 

been d.emonstrated that blastogenesis cm be obtained when extracts 

of ceUs from one individual are mixed with intact ceUs from another 

individual (337). Hashem (338) noted that ribosomal. RNA extracted 

from peripheral. lymphocytes which had been incubated in vitro with 

the specifie arltigens to which the donor had been sensitized was 

al.so capable of promoting transfo:mation and mitosis when added to 

cultures of autologous lymphocytes. In this case, the RNA appeared 

to ba acting as the antigan to stimulate autologoils ceUs to undergo 

blastogenasis. Hashem ard Rasen (339) fractionated caU extracts 

ar.d. added the fractions to cultures of homologous lymphocytes. 

They found. that blastogenesis was induced by the whole ceU extract, 

ceU-wall nuc1ear and ribosomal. fractions but not by the mitochon

drial. fraction. 

Bain and lDwenstein (340) carried out genetic studies 

with the mixed 1eukocyte reaction. By mixing leukocytes in.. culture 

from 15 sibling pairs, they noted that tha leukocytes of Most indi

viduals reacted 1ess strongly with those of their sib1ings than 

with the ceUs of unre1ated subjects. Bach and H:irschharn (337) 

obsarved a correlation between the degree of the blastogenic response 

in a culture of lymphocytes from two unre1ated individual.s and the 

degrea of cross-reactivity of grafts from the two individual.s p1aced 

on a third unre1ated recipient. Oppenhe:im et al. (341) and Moyniharl 
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et al (:342) examined mixed leukocyte cultures o~ skin graft reci.p

i.ents and a normal donor be~ore, during and a.f'ter skin transplanta.

tion and observed an increase in lymphocyte prollf'eration and 

blastogenesis at the time o~ graft rejection. Silvers et al (:343) 

reported that mixed leukocyte cultures o~ rats showed. blastogenesi.s 

only when the donors o~ the leukocytes dif~ered at the important 

.Ag-B histocompatibili.ty locus. 

In orcier to detennine whether both donor cells in the 

mi:x.ed leukocyte reacti.on are responding equal.ly, attempts have been 

made to inacti. vate the cells o~ one o~ the donor pairs. The treat

ment o~ the cells o:f one individual wi.th mitomycin-C (344). On w:i.th 

x-irradiation (345) has been shown to result in the loss o:f their 

capacity to undergo blastogenesis in mixed leukocyte reactions; 

however these cells are able to st:imulate homologous untreated cells 

to undergo blastogenesis. 

B. ANTI-LEUKOCYTE SERUM 

Grasbeck et al ()46, 347) :lmmunized rabbits by the 

intravenous injection o:f a concentrate o:f human peripheral leuko

cytes. All the rabbits produced antisera which were mitogenic in 

cell cultures o:f human peripheral leukocytes. The antisera had a 

lytic e:f:fect on the cells which was related to the presence o:f 

complement. Absorption o:f the antiserum wi.th leukocytes removed the 

mitogen. Holt et al ()48) also reported that rabbit anti-human 

leukocyte antisera had a blastogenic e:f~ect on human lymphocytes in 

vitro. 



Knight and Ling (349) reported that t'HO out of nine 

rabbits :bnmunized with homologous leukocytes produced. antisera which 

caused blast fo:nnation and stimulated DNA synthe sis in leukocytes 

of the donor rabbits in vitro. Heterologous antisera obtained by 

injecting rabbit leukocytes into rats and. guinea pigs were cytotoxic 

to rabbit leukocytes in vitro. TAese antisera caused leukoagglutin

ation but did. not stimulate DNA synthesis and blast fo:nnation. 

c. ANTI-PROTEIN SERUM 

Sell and Gell (350) reported that rabbit lymphocytes 

may he stimulated in vitro with specifie rabbit anti-allotype sera 

to transfo:nn into blast cells and to synthesize DNA. This trans

fo:nnation only occurred when the donor cells were obtained trom a 

given gamm~globulin aJ.lotype (As4) and. cultured in the presence of 

an antiserum prepared against the given al.lotype (anti-As4). Heter

ologous anti rabbit Y-globulin sera (sheep, goat and guinea pig) 

al.so induced significant blast transfo:nnation and DNA synthesis in 

rabbit lymphocytes. Gell and Sell (351) stated that this effect 

could be obtained with specifie antisera directed against all six 

of the well characterized al.lotype detenninants of rabbit IgG (As 

l, 2, 3, 4, 5 and 6) and with sheep anti-rabbit whole serum (32Q). 

Sall and Gall (353) showed that lymphocytes from the peripheral 

blood of newborn rabbits heterozygous for IgG allotype As4 and As5, 

or As5 and As6, obtained at an age when only the maternal. allotypic 

detenninants are detectable in the serum, could be stimulated to 
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transform into blast cells when incubated with antiallotype sera 

directed against the detel'D'inants controlled. by both the matemaJ. 

and paternal chromosomes. The in vitro blastogenic response of 

rabbit lymphocytes incubated with sheep antisera to rabbit IgG 

subunits, with sheep antisera to rabbit IgA and IgM and with the 

F(ab)2 and. F(ab) fragments of sheep antibody to rabbit IgG vas 

demonstrated by Sell (354-3.56). 

Oppenheim et al (357) :immunized monkeys with purified 

preparations of human immunoglobulins: IgG, IgA, IgM and Bence 

Jones proteine Each of the antisera incubated wi th washed human 

peripheral lymphocytes stimulated DNA synthesis. 

D. SERUM FACTORS 

Sabesin (358) cultured small lymphocytes fram rabbits 

and guinea pigs in vitra and observed blast transformation in 40-70 

percent of the peripheral lymphocytes on the fifth day of culture~ 

in the presence of either fetal calf or autologous serum. On the 

other hand, Johnson and Russel (359) found. that fetal oalf serum, 

but not autologous serum, in the oulture medium was blastogenic to 

lymphocytes. Sj,milar findings were reported by W:>odliff and Onesti 

(360). However, Caron (361) observed no spontaneous blastoid trans

formation when the cells were cultured. in the presence of autologous 

or fetal oalf serum. Pulvertaft and Pulvertaft (362) reported the 

absence of blastogenesis by fetal oalf' serum but noted spontaneous 

blastogenesis in cultures of lymphocytes obtained fram the umbUical 
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corel-veine They suggested that this latter transf'ormation is prob

ably due to the mixture o~ maternal and ~ant lyxrIphocytes. Gill 

(363) showed spontaneous trans~o:nnation in cultures o~ lymphocytes 

obtained ~rom penicillin-sensitive patients during the allergie drug 

reaction. 

E. POIŒWEI!ID 

Fames et al. (364) reported that extracts o~ the plant 

pbytolacc a.-Americ ana, polœweed, induced trans~ormation o~ human lym

phocytes in vitro. Borjesson et al (36.5) doeumented certain biolog

ical. properties o~ pokeweed (hemagglutinàting and mitogenic). Ches

sin et al. (366) showed that polœweed and PliA stjmul.ated lymphocytes 

behave in a s:imilar ~ashion in vitro with RNA synthesis preceding 

the onset o~ DNA synthesis by 2J.I. hours. 

F. S'IREP'.OOLYSIN-S 

Hirscbhorn et al. (367) have demonstrated that a non

antigenic preperation of the B-bamolytic streptococcus, streptolysin 

S (SIS), has the property of inducing blastogenesis when incubated 

with normal. human peripheral lymphocytes. This ef~ect o~ SLS was 

absent with lymphocytes obtained ~rom patients with untreated 

rheumatic fever or from an occasional patient with streptococcal 

infection. 
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G. STAPHYLOCOCCAL FILTRATE 

Ling and. Hu.sband (246) round that a staphyloccocal 

filtrate (SF) 1nd.uced transrormation in most of the peripheral 

lymphocytes from nomal human donors. 

H. ENZlMES 

].lazzèj) et al (368) danonstrated that trypsin, cbYmo

trypsin and papain have mitogenic action on peripheral lymphocytes 

rram nomal humans in vitro. 

1. MICROWAVE IRRADIATION 

stodolnik-Baranska (369) showed that microwave 

irradiation induces blastogenesis and mitosis in cultures of 

human peripheral lymphocytes. 



2.3.2.7 MECHANISM OF BUST CELL TRANSFORMATION INDUCED BY 

ANTIGEN (S) AND OTHER MJ'l'OGENIC AGENTS IN VITRO 
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The mechanism whereby" antigens and PRA induce blasto

genesis and mitosis of lymphocy+..es in tissue culture is still higlù.y 

controversial. in spite of the Many studies which have been carried 

out over the past few years. (See Chapters 2.3.2.3 and 2.3.2.5). 

The morphology of the blast cell obtained a:rter PHA 

stimulation is very s1milar, both by l1ght and electron microscopy, 

to that of the blast cell induced as a consequence of incubation which 

specific antigen (287, 290, 295, y/O, 371). Ft.trthermore, blast cells 

induced by PHA are capable of synthesizing gamm~globulin (337, 372, 

113, 374) similar to cells stimulated by antigen in vitro (244). 

The protection to x-irradiation a:rforded by PliA in vitro (37.5-377) 

May appear to be a unique property not possessed by antigens in gen

eral. lbwever, it has recently been noted that old tuberculin is 

also capable of imparting radioprotection when incubated with lym

phoeytes obtained from PPD-positive patients but not when incubated 

with cells of PPD-negative patients (118). The authors observed a 

relation between old tuberculin concentration, blastoid transfom~ 

tion and radioprotection and suggested that the radioprotective 

effect of old tuberculin has an immunologic basis. 

The fact that it is essentially the small lymphocyte 

which is transfomed by antigen and PHA in vitro and that the small 

lymphocyte possesses al1 the attributes required for immunologic 

competence (379) cannot be ignored. This cell 1s capable of under-
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going blast transf'onnation under a variety of' antigenic stimuli, 

• both in vivo and in vitro. In vivo, blast transfonnation has been 

observed in contact bypersensitivity reactions (380, 381~ graft

versus-host reactions (379) and skin homograft rejection reactions 

(382).· The morphology of the blast cell arising in each of these 

immune reactions has been f'ound to closely resemble that of' the 

PH.A.-induced blast cell in vitro (3'79, :383). 

If' the specifie blast transf'onnation of' sensitized 

lymphocytes after exposure to specifie antigens, by its high degree 

of' specificity, is immunologie Al in nature, a summation of' ef'fects 

should be obtained when lymphocytes from an individuAl sensitized 

to more than one antigen are incubated in the presence of these 

antigens. However, summation of' action was not observed by Caron 

(233), Cowling and Quaglino (247) and by Girard et Al (248). Ling 

and Husband (246) suggested that they obtained. an apparent summs.

tian of eff'ects with two different antigens, but they did not pre

sent a:ny data. 

Harris (284, 285) showed that spleen and peritoneAl 

exudate cells from rabbits previously immunized ta heterologous 

protein antigens could be stimulated to synthesize DNA when incu

bated with the same antigen in vitro. He observed that macrophages 

were surrounded by non-dividing lymphocytes during the early period 

of the culture and postulated that this cell-cell interaction re

sulted in enhancement of DNA synthesis by responding cells, with 

the small lymphocytes acting ~essengers between cells containing 
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antigen and those di viding in response to its presence. It is im

possible to avoid the interpretation that the close contact which 

develops between macrophage and lymphocyte is relevant since the 

cells which aggregated around the macrophages did not incorporate 

tritbted thymidine while most of the labelling was observed in 

other dividing large cells. The possibility exists that cells 

which have left the vicinity of the macrophages went on to divide. 

On the other hand, Dutton and Eady (281) and Dutton and Page (384) 

claimed that the antigen stimulated an alreaqy dividing population 

of cells to divide more rapidly. 

In various human d1seased states, a good correlation 

has been found between impaired del~ed hypersensit1vity in vivo 

and depressed in vitro transformation of lympho~es with PRA (341, 

385), suggesting that PRA is measuring the :immunocompetence of the 

lymphocytes. Blastogenesis has also been shown to occur when lympho

cytes are cultured in the presence of ant1-lymphocyte and anti

immunoglobulin antisera or when they are mixed in cell culture wi th 

lymphocytes of an unrelated, but not from a genetically-identical, 

individu al (See Chapter 2.3.2.6). The presence of blast cells in 

all of these reactions strongly suggeststhat this cell pl~s an im

portant role in immunological processes. 

In PRA stimulated cultures the percentage of trans

formed cells 1s 70-90 per cent after three da ys of incubation whereas 

only 5-30 per cent of the cells incubated with antigen are transformed 
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a:rter 7-10 d~s of culture (370). Furthermore, the in vitro trans

formation with PHA does not require the presence of macrophages 

(314, 386), whereas macrophages are necessar,y for the antigen

induced blastogenic response (386-388). Recentl;y", however, it has 

been shown that blastogenesis can be induced upon incubation of PPD 

with a highly purified suspension of small lymphoc.ytes obtained 

from PPD-positive patients (227). It has also been demonstrated that 

PHA can stimulate lymphocytes, previously immunized to various pro

tein antigens, to secrete greater amounts. of the specifie antibody 

than can the specifie antigens in vitro (103, 389). 

The non-immunological mechanism of PHA transformation 

is further supported by the findings that PHA can stimulate epi thel

ial cells in the skin (390), free-living amoeba (391, 392) and non

lymphoid cell lines (393) to undergo mitosis. 

An alternative hypothesis as to the mechanism of PHA 

action was proposed by Hirschhorn et al (245). They suggested that 

PHA exerts its action Oy attaching to some immunologically nonspecific 

surface structure on the lymphoa.rte. This idea was fostered by the 

observation that PHAca~es agglutination of lymphocytes and that 

both this property a.Iid. the blastogenic acti vit Y of PRA are lost Oy 

absorption of PRA with lymphocytes. A similar view was expressed 

by Grasbeck et al (346, 347), who demonstrated that rabbit anti-

human leukoc.yte antiserum agglutinated and transformed a high per

centage of the cultured human lymphocytes. The probability that PRA 
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attaches to the cell sur~ace was suggested by Vassar and CUlling 

(394) who showed that the electrophoretic mobility o~ lymphoid 

cells was changed after treatment with PRA. On the other hand, 

the studies on the cell localization o~ PHA (395-397), although 

not conclusive, suggest that PHA is present within the cell, and 

is not absorbed onto the sur~ace o~ the celle 

The above hypothesis is, however, unlikely since 

Borjesson et al (398) showed that coating human peripheral lympho

cytes with Vi polysaccharide completely suppressed the agglutina

tion o~ these cells when PHA was added to the culture. Never

thelass the normal complement o~ blast cells was observed at the 

termination o~ the culture. 

In conclusion although a great deal of work has 

been reported with respect to the action o~ various mitogenic agents 

on lymphoid cells in vitro, the exact mechanism of their action is 

not understood.. 
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TABIE-I-A 

PRIMARY ANTlOODY RESPONSE BY FRAGMENT CULTURE IN VITRO. ANTIGEN All1INISTERED IN VIVO 

Author(s) 

stevens and 
McKenna (159) 

Mountain (143, 
160) 

Kong and Johnson 
(161) 

Schoenberg et al 
(162) 

Antigen Used 

Salmonella 
typhosa 

Salmonella 
typhosa 

Bovine gamma-
globulin 

Diphtheria 
toxoid 

Species and Tissue 

Rabbit Spleen 
fragments 

Rabbit Spleen 
fragments 

Rabbit Spleen 
fragments 

Rabbit Spleen 
fragments 

Culture Conditions 

Medium 

Medium with 10 per 
cent rabbit serum 

Medium with 20 per 
cent rabbit serum 

Medium with 20 per 
cent rabbit serum 

Observations 

Antibody synthesis shown 
by hemagg1utination. 

lIntibody synthesis shown 
by hemagg1utination. 

Antibody synthesis shown 
by hemagg1utination. 5-
f1uro-2'-deo~ridine 
inhibited antibody syn
thesi~ which could be 
reversed parti~ by 
thymidine. 

Antibody synthesis shown 
by 1abelled. amino &cid 
incorporation and hem
agglutination. 

"" l\) 
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TABLE I-A (Continued) 

PRIMARY ANTlBODY RESPONSE Br FRAGMENT CULTURE IN VITRO. ANTIGEN AOONIsrERED IN VIVO 

Author(s) Antigen_Used ~ecies and Tissue 

La Via et al Salmonella Rat spleen fragments 
(16:3) typhosa 

Pernis et al Diphtheria Rabbit lymph node 
(164) toxoid fragments 

Berglund et al Sheep erythro- Mouse spleen-frozen 
(166) cytes section 

Leibowitz and Bovine gamma- Rabbi t cornea 
Parka (167) globulin injected fragments 

into cornea 

CUlture Conditions 

Eagle' s medium wi th 
:30-50 per cent rat 
serum 

Hanks solution with 
0.5 per cent oval-
bumin 

Medium in gel 

Medium with 10 per 
cent rabbit serum 

Observations 

Demonstration of anti-
body synthesis by labelled 
amino acid incorporation 

Antibody synthifsis mea-
sured by labelled amino 
acid incorporation and 
hemagglutination 

Demonstration of hemolysis 
in gel (Plaque formation) 
up to 113 clays fo11owing 
immunization 

Demonstration of anti-
body formed in vitro 
by capaci ty to induoe 
PC! reaction in guinea 
pigs 

"'1 
\.0) 
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Author(s) 

Saunders and 
King (148) 

Tao and. Uhr 
(168) 

G1oberson and 
Auerbach (169) 

G1oberson and 
Auerbach (170) 

e 

TABLE I;;B 

PRIMARY ANTIBODY RESPONSE BY FRAGMENT CULTURE IN VITRO. ANTIGEN INCUBATED IN VITRO 

Antigen Used 

Co1iphage RJ.7 

Co1iphage 
~ X 174 

Sheep erythro
cytes 

Sheep and chick 
erythrocytes 

Species and Tissue 

Mouse spleen and. 
thymus fragments 
cu1tured together 

Rabbit 1ymph node 
fragments 

Mice spleen fragments 

Mice spleen, lymph 
node and thymus 
fragments 

Culture Conditions Observations 

Eag1e's medium with Antibody response mea-
10 per cent calf serum sured by phage neutral

ization 

Eag1e's medium with 
20 per cent rabbit 
serum 

Eag1e 's medium with 
10 par cent horse 
serum in mi11ipore 
chambers 

Eag1e's medium with 
10 per cent horse 
serum in millipore 
chambers 

Anti~ response 
measured by phage 
neutralization 

Administration of PRA 
or adjuvant in vivo 
prior to culture resulted 
in appaarance of hemag
glutinins and hemolysins 
in vitro 

~ph node and spleen 
gave agglutinin titers 
whereas thymus failed 
to give ~ response 

~ 
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TABLE. II-A 

SECONDARY ANTlOODY RESPONSE BI FRAGMENT CULTURE IN VITRO. ANTIGEN ADMINISTERED IN VIVO 

Author(s) 

Stavitsky (Ill) 

Keuning and 
Van der Slikee 
(22) 

Thorbecke and 
Keuning (171) 

MoKenna and 
stevens (172) 

Askonas et al 
(173) 

Antigen Used 

Diphtheria tet
anus toxoid 

Paratyphi 
antigen 

Paratyphi H 
antigen 

Bovine serum 
albwnin and 
bovine g8llll1la
globulin 

Ovalbumin 

Species and Tissue 

Rabbit lymph node and 
spleen fragments 

Rabbit spleen frag-
ments 

Rabbit spleen and 
lymph node fragments 

Rabbit spleen frag-
ments 

Rabbit spleen, lymph 
node and bone marrow 
slioes 

Culture Conditions 

Fisher' s medium 

Medium with 20 per 
oent rabbit serum 

Medium with 20 par . 
cent rabbit serum 

Modified Trowell's 
medium 

Ivledium 

Observations 

Antibody s,r.nthesis shown 
by hemagglutination 

Antibody s,ynthesis shown 
by hemagglutination. 
Role of various oell 
types in antibody foma.-
tian (See Chapter 2.1.2) 

Antibody synthe sis shown 
by hem agglutination 

Antibody synthe sis shown 
by hemagglutination 

Demonstrated labelled 
amino aoid incorporation 
into Y-globulin fractions 

'"" \:A" 
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TABLE II-A(Continued) 

SECONDARY ANTlBODY RESPONSE BY FRAGl1ENT CULTURE IN VITRO. ANTlGEN ADMINISTERED IN VIVO 

Author(s) 

Ranney and London 
(174) 

Askonas and 
Humphrey (97) 

Wolf and 
Stavitsky (144) 

Antigen Used 

Pneumococcal 
polysaccharide 

Penumococcal 
polysaccharide 
and ovalbumin 

Diphtheria tox
oid, ovalbumin, 
bovine gamma
globu1in and 
bovine serum 
albumin 

Species and Tissue 

Rabbit spleen slices 

Rabbit 1ymph node 
spleen, bone marrow, 
1ung, li ver and 
kidney silces 

Rabbit 1ymph node 
and spleen fragments 

Culture Conditions 

Medium 

Medium 

Medium with 20 per 
cent rabbit serum 

Observations 

Antibody s.ynthesis 
shown by 1abelled 
amino acid incorpor
ation 

Antibody synthesis by 
lymph node and spleen 
fragments. Shown by 
1abe11ed amino acid 
incorporation. 

Antibody s.ynthesis 
measured by 1abelled 
ainino aoid incorpor
ation, hemagg1utination 
am quantitative pre
cipitin. lIdditiç)n of 
purines, pyrimidines, 
vitamins, coenzymes, 
1ipids and carboçdrates 
did not effect antiboQy 
synthe sis 

'1 
0\ 
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TABLE II-A (Çontinued ) 

SECONDARY ANTlBODY RESPONSE BY FRAGMENT CULTURE IN VITRO. ANTIGEN AOONISTERED IN VIVO 

Author(s) 

Keston and 
Katchen (176) 

Lazda and Starr 
(177) 

Thorbecke (1#9) 

Antigen Used 

Ovalbumin, 
bovine gamma
globulin and 
human gamma
globulin 

Bovine gamma
globulin 

Bovine gamma
globulin and 
ovalbumin 

Species and Tissue 

Rabbit spleen, lymph 
node, lung and li ver 
slices 

Culture Conditions 

Homologous serum or 
modified Krebs-r1nger 
bicarbonate 

Rabbit spleen fragments Medium with 10 per 
cent rabbit serum 

Rabbit spleen and lymph Medium with 10 par 
node fragments cent calf serum 

Observations 

Antibody synthesis shown 
by labelled amino acid 
incorporation. Only 
lymph node and spleen 
gave response. 

Antibody synthesis shown 
by labelled amino acid 
incorporation. Inhib
ition of antibody syn
the sis by actinamycin. 

Antibody synthesis shown 
by labelled amino acid 
incorporation. 

---.J ....., 
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TABLE II-B 

SECONDARY ANTlOODY RESPONSE BY FRAGMENT CULTURE IN VITRO. ANTlGEN INCUBATED IN VITRO 

Author(s) 

Miohaelides (100) 
Miohaelides and 
Coons (99) 

O'Bri8'l et al 
(101) 

Stavitsky (178) 
Stavitsky and 
Wolf (179) 

Halliday and 
Garvey (102) 

Kritzman and 
Harper (180) 

Antigen Used 

Diphtheria tox-
oid and bovine 
serum albumin 

Diphtheria tox-
oid and bovine 
serum albumin 

Diphtheria tox-
oid, bovine gamma.-
globulin and bovine 
serum albumin 

Bovine serum 
albumin and 
hemooyanin 

Human serum 
albumin 

Speoies and Tissue 

Rabbit lymph node 
fragments 

Rabbi t 1ymph node 
fragments 

Rabbit lymph node 
and spleen fragments 

Rabbit lymph node and 
spleen fragments 

Rabbit spleen and 
lymph node fragments 

Culture Conditions 

Medium with 25 per 
oent rabbit serum 

Medium with 25 per 
oent rabbit serum 

Medium with 20 per 
cent rabbit serum 

Medium with 
. Iwdrooortisone 

Medium 199 with 
20 per oent rabbit 
serum 

Observations 

Demonstration of anti
body synthesis by 
hamagg1utination 

Demonstration of anti
body synthe sis by 
hemagglutination 

Demonstration of anti
body synthe sis by 
labelled amino aoid 
inoorporation, hem ag
glutination and quanti
tative precipitation 

Antibody s.ynthesis 
shown by hemagglutina.
tion. Eydrocortisone 
enhanoes ant1body 
synthe sis 

Ant1body synthes1s 
shown by hemagglutina.- ~ 
tion 
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!TABLE II-B (Continued) 

SH;CONDARY ANTlOODY RESPONSE BY FRA~T CULTURE IN VITRO. ANTIGEN INCUBATED IN VITRO 

Author(s) 

O'Brien and 
Coons (181) 

stevens atld 
McKenna (182) 

Ambrose and 
Coons (183) 

Juhasz and Rose 
(104) 

Antigen Used 

Diphtheria tox
oid and bovine 
serum albumin 

Case in and bovine 
gamma-globulin 

Species and Tissue 

Rabbit lymph node 
fragments 

Rabbit spleen frag
ments 

Bovine serum albumin Rabbit lymph node 
and diphtheria tox- fragments 
oid 

Rat serum albumin Rabbit lymph node 
fragments 

Culture Conditions 

Medium with 25 per 
cent rabbit serum 

MOdified Trowell's 
medium with 40 per 
cent rabbit serum 

Eagle's medium with 
25 per cent rabbit 
serum 

Eagle's medium with 
20 per cent rabbit 
serum 

Observations 

Antibody s,ynthesis 
shown by hemagglutina.
tion 

Antibody s,ynthesis 
shown by hemagglutina.
tion. Inhibition of 
antibody synthesis by 
endotoxin 

Antibody s,ynthesis 
shown by hemagglut~ 
ation. Inhibition of 
antibody s.ynthesis by 
chloramphehicol 

Antibody s,ynthesis 
shown by hem agglutina.
tion. Delay in appear
ance of antibody when 
serine was used 

...., 
\() 
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TABlE II-B (Continued) 

êECONDARY ANTlBODY RESPONSE BY FRAGMENT CULTURE IN VITRO. ANTlGEN INCUBATED IN VITRO 

Authorhl Antigen Used Species and Tissue Culture Conditions .observations 

Juhasz and Rat serum al- Rabbit lymph node Eagle's medium with Anti-diphtheria anti-,. 
Richter (105) bumin and diph- fragments 20 per cent rabbit body was increased by 

theria toxoid serum or serine the addition of hydro-
oortisone (not anti-
rat albumin antibody) 

_. :_ :&-s measured by hemag-
glutination 

Richter et al (106) Rat serum albumin Rabbit lymph node Eagle's medium with Antibody s,ynthesis 
fragments 20 per oent rabbit shown by hemagglutin-

serum. Cultured ba- ation 
tween gel foam and 
gel film 

Richards et al (184) Bovine pancreatic Rabbit lymph node Eagle 's medium Demonstration of anti-
ribonuclease fragments body synthe sis by labe1-

led &mino aoid incorp-
oration 

Dresser (185) Bovine gamma.- Guinea pig lymph Eag1e 's medium with Antibody synthe sis 
globulin node fragments fetal calf or guinea measured by 1abelled 

pig serum &mino acid incorpora.-
tion. Higher antibody 
synthe sis with fetal 

<» oalf serum. 0 
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Author(s) 

Tao (103) 

e 

TABLE II-B (Continued) 

SECONDARY ANTlBODY RESPONSE BI FRAGMENT CULTURE IN VITRO. ANTIGEN INCUBATED IN VITRO 

Antigen Used 

Bovine serum 
albumin and 
bovine gamma
globulin 

Speeies and Tissue 

Rabbit 1ymph node 
fragments 

Culture Conditions 

Medium with 20 per 
eent rabbit serum 

Observations 

Non specifie secondary 
immune response fo11ow
ing phytohemagg1utinin 
administration in vitro 
as shown by hemagg1utin
ation 

CP ..,.. 
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TABLE III-A 

ERIMARY ANTIBODY RESPONSE_BY_CELL __ StJSPENSIONIN YITRO. ANTIGEN ADfiNISTERED IN VIVO 

AuthorW, Antigen Used §peoies and Tissue Culture Conditions Observations -
Roberts et al Sheep erythrocytes Rat spleen and lymph 100 per cent rat serum Antibody s.ynthesis 
(186) node minoe measured by hemag~ 

glutination 

Langevoort et al Bovine gannna- Rabbit spleen mince Medium vith per Antibody synthesis 
(187) globulin cent rabbit serum shown by hamagglutin-

ation 

Jeme and Nordin Sheep erythrocytes Mouse spleen oell Medium in gel Demonstration of 
(188) suspension plaque formation 

strander (189) Sbeep erythrooytes Mouse spleen oell Medium in gel Demonstration of 
suspension Plaque formation 

whioh could he inhibited 
by puromycin and acti-
nomyoin-D 

Tannenberg (190) Sheep erythrocytes Mouse spleen cell Medium in gel Demonstration of 
suspansion plaque formation 

en 
1\) 
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TABLE llI-A (Continued) 

PRIMARY ANTIBODY RESPONSE BY CEU, SUSPENSION IN VITRO. ANTIGEN ADMINISTERED IN VIVO 

Author(s) 

Massie and Frick 
(191) 

Kern and Eisen 
(192) 

!ntigen Used 

Potassium Peni
ci11in-G attached 
to hemocyanin 

Bovine gamma... 
globulin 

Species and Tissue 

Mice spleen cell sus
pension:' 

Guinea pig lymph node 
cell suspension 

Culture Conditions 

Medium. in gel 

Medium 

Observations 

Demonstration of 
plaque formation 

Increase in the 
incorporation of 
phosphate by the 
cells. (Antibody 
s.ynthesis not mea
sured.) . 

ex> 
VJ 
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TABLE llI-B 

PRIMARY ANTIEODY RESPONSE BY CELL SUSPENSION IN VITRO ANTIGEN INCUBATED IN VITRO 

Author(s) 

li'ishman (193, 194) 

Friedman et al 
(195) 

McKenna and stevens 
(196) 

}fishell and Dutton 
(107) 

Marbrook (197) 

Antigen Used 

Bacteriophage T2 

Bacteriophage T2 

sterile mineral 
oil (in vivo) 
bovine gamma
globulin and 
ovalbumin (in 
vitro) 

Sheep erythrocytes 

Sheep and horse 
erythrocytes 

Species and Tissue 

Rat lymph node and 
macrophage cell sus
pension 

Rat lymph node and 
paritoneal exudate 
cell suspension 

Rabbit peritoneal 
exudate cell suspen
sion 

Mice spleen cell sus-
pension 

Mice spleen cell sus-
pension 

Culture Conditions Observations 

Millipore chambers im- Antibody s,ynthesis 
planted in peritoneal shown by phage 
cavity inactivation 

Trowell • s medium 

Medium 199 with 25 
per cent rabbit serum 

H.edlÛJll: .:.:... in gel 

MaM.~.· in gel 

Antiboqy synthe sis 
shown by complement 
fixation test 

Antibody s,ynthesis 
shown by hemagglutin
ation (titers up to 
1:28) 

Demonstration of 
plaque formation 

Demonstration of 
plaque fo~ation 

~ 
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TABLE III-B ,Continued) 

PR!MARY ANTIBODI RESPONSE BI CELL SUSPENSION IN VITRO ANTIGEN INCUBA'.IED IN VITRO 

Author(s) Antigen U sed $pecies and Tissue CUlture Conditions 

Zulberg et al (198) Sheep erythrocytes Mouse spleen ce1l sus- Medium in gel 

Bussard and 
Anderson (199) 

Mosier (200) 

Rege and Cole 
(201) 

pension 

Sheep erythrocytes Mouse spleen ceU sus
pension 

Sheep erythrocytes Mouse spleen ceU sus
pension 

Sheep erythrocytes Mouse spleen ceU sus
pension 

DiffUsion chambers 
implanted in peri
toneal cavity 

Medium in gel 

Medium in gel 

Observations 

Demonstration of ros
sette and plaque 
formation 

Demonstration of 
plaque formation 

Demonstration of 
plaque formation and 
its dependenca on 
macrophages 

Demonstration of 
plaque formation. 
Phytohauagglutinin 
enhances plaque forma
tion. (X-irrad:1ation 
and neonatal thymectOÇ' 
has no effects). 

(Xl 
\Jl 
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TABLE III-B (Continued) 

PRIMARY ANTIBODY RESPONSE Br CELt SUSPENSION IN VITRO ANTIGEN INCUBA1!p IN VITRO 

AuthorL!l Antigen U sed Bpeaies and Tissue 

Robinson et al Sheep erythroaytes Mouse spleen aeU sus-
(202) pension 

Bussard and Lune Sheep erythroaytes Mouse peritoneal cell 
(203) suspension 

Beninelli and Sheep erythroaytes Mouse peritoneal cell 
Wedderbern (204) suspension 

Bussard (205) Sheep erythroaytes Mouse peritoneal cell 
suspension 

CUlture Condit~on8 

Medium in gel:. 

Medium in gel 

Medium in gel 

Medium in gel 

Observations 

Demonstration of 
plaque formation and 
its inhibition by 
aolabicin, aotinom;yoin-
D and rabbit anti 
mouse globulin 

Demonstration of 
plaque formation and 
its inhibition by 
purOlÇ"Oin 

Demonstration of 
plaque formation 
(L~ooytes form 
more plaques the 
macrophages) 

Demonstration of 
plaque formation 

(X) 
0\ 
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TABLE IV-A 

SECONDARY ANTIBODY RESPONSE BY CELL SUSPENSION IN VITRO. ANTIGEN A.IMINISTERED IN vr"ro 

Authoclll Antigen Used 2Eecies and Tissue Culture Conditions Observations 

Thorbecke et al Bovine gamma- Rabbit spleen mince Medium wi th 10 par Antibody synthe sis 
(151) globulin and cent rabbit or calf measurad by hemag-

ovalbumin serum glùtination 

Cramer (206) Bovine serum Rabbit spleen ceIl Medium with 15 per Antiboqy synthe sis 
albumin and suspension cent rabbit serum shown b.1 hemagglutin-
hemocyanin ation and ring test 

Roberts et al Sheep erythrocytes Rat spleen and lymph 100 per cent rat Antibody synthe sis 
(186) node mince serum shawn by hemagglutin-

ation 

Fleiscbman (207) Phage T2 Rabbit lymph node Medium Demonstration of 
cill suspension antibody synthe sis by 

labeiled amino aoid. 
incorporation 

Dutton et al (208) Heterologous serum Rabbit spleen ceil Eagle' s medium with Demonstration of anti-
proteins suspension 15 per cent rabbit body synthesis b.1 

serum labeiled amino acid 
incorporation 

ES 
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TABLE IV-A (Continued) 

SECONDARY ANTlOODY RESPONSE BY CELL SUSPENSION IN VITRO. ANTIGEN ADMINISTERED IN VHQ 

Authorhl 

Dutton et al (210) 
Dutton and Pearce 
(209) 

Smiley et al (110) 

Steiner and Anker 
(112) 

Vaughan et al (109) 

Smiley and Jasin 
(221) 

Antigen Used 

Heterologous 
serum proteins 

Bovine serum 
albumin 

Bovine serum 
albumin 

Heterologous 
serum proteins 

Bovine serum 
albumin 

Species and Tissue 

Rabbit spleen cel1 
suspension 

Rabbit spleen and 
lymph node cell sus-
pension 

Rabbit spleen oell 
suspension 

Rabbit spleen ce1l 
suspension 

Rabbit spleen and 
lymph node cell sus
pension 

CUlture Conditions 

Eagle's medium with 
15 per cent rabbit 
serum 

Eagle' s medium 

Medium with 50 per 
cent rabbit serum 

Eagle 's medium with 
15 per oent rabbit 
serum 

Eagle' s medium with 
no rabbit serum 

Obse.rvations 

Antibody s,ynthesis 
measured by label1ed 
&mino aoid incorpor-
ation 

Antiboày s,ynthesis 
measured by labelled 
am1no acid incorpora.-
tion 

Demonstration of anti
body synthesis by 
direct precipitation 
and labelled amino acid 
in6orporation 

Antibody s,ynthesis 
shown by labelled 
amino aoid incorpora.
tion 

Antibody synthe sis 
shown by labe1led 
amino acid incorpora.
tion co co 
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TABLE IV·A (Continued) 

SECONDARY ANTIBODY RESPONSE BY CELL SUSPENSION IN VITRO. ANTIGEN ADl-lINISTERED IN VIVO 

Author(s) 

Dutton et al (212) 

Sussdorf (213) 

Krueger and Twedt 
(118) 

Ainis (214) 

Antigen Used 

Hetero1ogous 
serum proteins 

Species and Tissue 

Rabbit spleen ce11 
suspension 

Sheep erythrocytes Rabbit spleen sub
cellular suspension 

Salmonella 
typhosa 

Hemocyanin 

~1rog spleen oe11 
suspension 

Rabbit spleen oe11 
suspension 

Culture Conditions 

Eag1e' s medium with 
15 per oent rabbit 
serwn 

Medium 

Medium 

Eag1e's medium with 
28 per oent rabbit 
serum 

Observations 

Antibody synthe sis 
shown by :J,abe11ed 
amino aoid incorpor
ation. lIddition of 
high concentration of 
tritiated tbiYmidine 
inhibited antiboqy 
synthe sis 

Slight indication of 
hemolytic antiboqy 
produced by suboe11ular 
preperations 

Demonstration ot syn
thests by bacterial 
:l"1ll1obilization 

Antibody synthe sis 
demonstrated by micro~ 
precipitin test 

(» 
\0 
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TABLE IV-B 

SECONDARY ANTlBODY RESPONSE BY CELL' SUSPENSION IN VITRO. ANTIGEN INCUBATED IN VITRO 

AuthorW Antigen Used Species and Tissue Culture Conditions Observations 

Helmreich et al Bovine gamma.- Rabbit lymph node Hedium Antibody synthesis 
(114, 115) globulin oval- cell suspension measured by labelled 

bumin amino aoid incorpor-
ation 

Scharff and Uhr Phage T2 Rabbit lymph node Eagle's medium with Demonstration of anti-
(116) cell suspension 20 per cent fetal body synthesis-labelled 

serum amino acid incorporation 

Bussard and Huyny Sheep erythro- Rabbit lymph node Eagle t s medium Antibody synthesis 
(215) cytes ce11 suspension show by labelied amino 

aoid inoorporation 

PopiSil. (216) Bruceila Rabbit lymph node Hedium Antibody synthe sis 
ceil suspension measured by labeiled 

amino acid inoorpora.-
tion (optimal pH 6.9-
7.2). 

Medzon and Vas Egg albumin and Rabbit spleen celi Medium 199 Synthe sis measured by 
(217) bovine serwn suspension labelied amino aoid 

incorporation. Inhib-
ition of antibody syn-
the sis by cytotoxicity 
of Ne w castle disease 
virus. 'D 

0 
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TABLE IV-B tontinued) 

SECONPARY ANTIBODI RESPONSE BY CELL SJSPENSION IN VITRO. ANTIGEN INCUBA'lED IN VITRO 

Author(s) 

Capalbo et al (218) 

Van der Meer and 
Koningsberger (219) 

Riohardson and 
Dutton (U7) 

Antigen U sed 

Sheep erythro
cytes 

Phage X 174 

Sheep erythro
oytes 

Species and fiSSIle 

Rat and mouse spleen 
oell SIlspensions 

Rat spleen cell 
homogenate 

Rabbi t spleen cell 
suspension 

Culture Conditions 

Tyrode t s solution. 
Ditfusion chambers 
implanted in peri
toneal oavity ot 
x-irradiated reoip
ients 

Medium 

Medium in gel 

.Observations 

Antibody synthesis 
show by hemagglutin
ation 

Antibody synthesis 
show by phage neutral
isation ASsay 

Demonstration ot plaque 
tormation 

~ 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 Animals Used 

Only adUlt, 5 to 7 poUnd outbred white New Zealand 

rabbits were used in this study. They were maintained in a well

ventUlated, temperature-controlled ardmal . :r.oom and were fed and 

watered at regular intervals of t:ime. 

3.2 Antigens Used 

The antigens used were: 

(1) Humah serum albumin (HSA) (Hy1and Laboratories, California, USA), 

(2) Bovine serum albumin (BSA) (Pentex Inc., Kankakee, DJ.. USA), 

(3) Ovalbumin (OA) (Pentex), 

(4) Borse serum albumin (HoSA) (Pentex), 

(5) Dog serum alburnin (OSA) (Pentex), 

(6) Cat serum albumin (CSA) (Pentex), 

(7) Sheep serum albumin (SSA) (Pentex), 

(8) Bovine gamma.-g1obulin (BGG) (Pentex), 

(9) Human gamma.-globulin (HGG) (Pentex), 

(10) Rabbit serum albmnin (RSA) (Pentex), 

(ll) Keyhole lirnpet hemocyanin (KLH) (Bio-Pacifie Marine Corpor

ation, Venice, California, USA), 
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(12) Salmonella 0 antigen (salm 0) (obtained fram. Dr. F. Daguil

lard, Div:ision of Imnunochemistry and. Al1ergy, Royal Victoria 

Hospital, Montreal, Canada). 

(13) Sheep erythrocytes (Srbc) (obtained from the Department of 

Microbiology, McGill University). 

All the antigens were prepared in saJ.ine (0.85 per 

cent sodium chloride) or Hedium 199 in the appropriate concentra.

tions, filtered through seitz filter psds and stored at -10°C till 

used. 

3.3 Ppytohemagglutinin 

Only phytohemagglutinin-M (PHA-M) (Ditco Labors.

tories , Detroit, Mich., USA) was used in this study. The contents 

of a vial were dissolved in 5 ml of Medium 199. The PHA solutions 

were kept at _10°C. 

3.4 Immunosuppresant Agents 

Six mercaptopurine (6-J.IP) was obtained in a powder 

for.m from the Burroughs Welcome Laboratories. It was prepared 

in medium, in the appropriate concentration, prior to use. Not 

all the 6-MP was observed to dissolve in the medium. 

3.5 Media Used 

Medium 199 with bicarbonate and Hanks balanced 

salt solution (Hanks BSS) were obtained fram Microbio1ogical 

Associates, Bethesda, Md., USA. The pH of the medium, which was 
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checked periodically, was pH 7.2 :1: 0.0,5. Except where otherwise 

stated, the medium was f'ortif1ed with penic11lin, streptom;ycin and 

normal rabbit serum (NRS) to yield. final concentrations of' 100 

units par ml, 100 ug per ml and. 1,5 per cent, respectively. This 

f'orti:f'1ed med11D1l is referred to as Med-PS-NRS in the texte The 

penic11l1n and streptom;rcin stock solutions were obtained f'rom 

Microbiological Associates, Bethesda, Md., USA, while the nOl'mal 

rabbit serum was obtained from the Institute of' Microbiology, Uni

versity of' Montreal. 

J.6 Radioacti va Compounds 

The tritiated ~e (Thymidine-H3) and tyrosine 

_C14 were obtained t'rom Schwarz Bio-Research Incorporatèd, Orange

burg, N.Y., USA. 

3.7 Immunization Procedure 

Rabbits were injected with the antigen via the 

intravenous route and/or the foot-pad or by the subcutaneous route 

according to the particular experimental procedure. For the intra

venons admini stration, the antigen was dissolved in saline and 

~eitz-:f'1ltered prior to use. For the f'oot-pad injection, equal 

volumes of' the antigen solution and Freund' s complete adjuvant 

(D:1.f'co Laboratories, Detroit, Mich., USA) were mixed and the elllUl

sion was prepared us1Dg two luer-lock syringes and a double-bnb 

needle. 
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3.8 Induction of Immuno1ogical Tolerance 

Neonatal rabbits were injected intraperitoneally 

at days :3 and 6 of age wi th 100 mg HSA (399, 400). They were 

left undisturbed with their unirljected 1ittennates and al1 the 

rabbits were bled at 10 weeks of age. Several rabbits of each 

1itter were then injected intravenous1y with an immunogenic dose 

of HSA (10 mg) and bled 8, 15 and 20 d~s 1ater. Antibody titers 

were detennined by the tanned celi hemagg1utination technique 

(see be1ow). The remaining animals of the litter, consisting of 

both control and "to1erant" rabbi ts, were sacrificed and the 

various lymphoid organs were excised. OeIl suspensions and 

fragments were prepared from the various organs and these were 

tested for their immune reactivity by the fragment and cel1 cul

ture techniques described below. 

J.9 Fragment Culture Technigue 

The organ was sliced with t'Wo scalpels to yield 

fragments as uniform as possible, approximately 1-1.5 mm3 in size. 

Eight fragments were distributed into each Leighton tube (Bellco 

Company, Vineland, N. J., USA) onto a ge1foam pad (Upjohn Company) 

via a Pasteur pipette and the fragments 'Were covered with a strip 

of gelfilm (Upjohn Company) (106). One ml of Med-PS-NRS was 

added to each tube and the tubes were stoppered and placed in the 

horizontal position in a 37c C incubator. Where indicated, antigen 
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was added to the tubes at the commencement of culture and allowed 

to incubate with the fragments for two hours. The culture huid 

containing the antigen was then wi thdrawn, traces of antigen 

eliminated by three consecutive washes of the tissue fragments 

with Med-PS-NRS, and the tubes were replenished with one ml of 

the culture mediUIll. The mediUIll vas changed the next day and every 

th~ to fourth day thereafter and the supernatan~s were tested 

for antibody acti vi ty by the tanned ceil technique (see below). 

This technique of fragment culture has been found 

to be capable of maintaining antibody fonnation for periods up 

to 35-40 days (104, 105). 

3.10 Call Culture Technique 

The technique of cell culture as used in this lab

oratory has been described in a previous communication (401). 

The rabbits were bled from the heart with a heparinized syringe 

and were then sacrificed b.r the intravenous administration of 

nembutal (50 mg per kg body wt.). The various organs were re-

moved in rapid order and placed in Med-PS-NRS, the entire proce-

dure taking no longer than several minutes. The organs removed 

were bone marrow (from the head. and upper shaft of the tibia), 

popliteal lymph node, spleen, thymus, appendix and sacculus rotun

dus. The blood WaS diluted with 6 per cent dextran (mol. wt. 

75,000) (Gentran, Baxter Laboratories, USA) in a ratio of 3:2 

(blood:dextran). The mixture was introduced into sterile dis

posSble plastic tubes (Falcon Plastics, Los Angeles, California, USA) 
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which were placed at an angle of 60° to the horizontal in a 

y/oC incubator and a110wed to sed:iment for 40-60 minutes. The 

lèucocyte-rich p1asma-dextran layer was carefUlly decanted, 

diluted 10 fold with Medium 199 and centrifuged at BOO rpm for 

10 minutes. The cells were resuspended in Medium 199 and washed 

once more. The organs other than the bone marrow were eut into 

small fragments and teased through a sterile wire mesh (50 mesh) 

by the application of slight pressure. The celis were collected 

into Med-PS-NRS. The bone marrow celi suspensions were prepared 

by fiushing the bone marrow vdth several aliquots of normal. 

rabbit serum into a sterile plastic tube. We have observed that 

the stabili ty of the bone marrow celis is enhanced if NRS is 

used in place of Medium 199 containing heparin. The cali mass 

was gent1y shaken in the plastic tube and centrif'uged at 500 rpm 

for 5 mirro.tes. The fatty upper layer was decanted and the celi 

button was resuspended in Med-PS-NRS. The celi suspensions of 

all the organs were di1uted in Med-PS-NRS to contain 106 lympho

cytes per ml. The various cell suspensions were then aIl treated 

in a similar fashion. Four ml of the suspension were p1aced into 

disposab1e sterile plastic tubes (Falcon). The antigen was adde~ 

usually 0.1 to 0.25 ml, and the tubes were sealed and incubated at 

37°C. Unless otherwise stated, the antigen was incubated with 

the cell suspensions for the duration of culture. Approximately 

24 hours prior to the termination of culture, 2 uc tritiated thy

midine (Specifie activity 1.0 me/l1m) was added to each tube. At 
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the end of culture the tubes vere remoTed f':rom the inaubator and. 

processed for their radioactive content b;y the 1II8thod described 

below. The fragment and ceU culture techniques are diagramat

ically presented in Figure 1. 

3.11 Determination or Radioactive Thpidine 

Incorporated. b:y the Cell Suspensions 

The tubes vere centrifllged. at 1000 rpIl for 10-15 minutes, 

the supematants vere discarded and the cell buttons resuspended 

in two ml of :five per cent tricbloracetic acid. ihe tubes vere 

centrif'uged and .. shed. once more in an identical fashion with tri

chloracetic acid. One half ml of Hyamine (Packard Instrmaents, USA) 

was then added to each tube and the tubes vere permitted to digest 

for 24 hours at room temperature in the dark. The contents of the 

tubes vere then transferred to scintillation counting vials unng 

two washes of absolute ethanol (0.6 ml total). The v.lals vere then 

incu.bated at 70-7SoC for one hour, allowed to cool at room tempera

ture, fo11owing which 15 ml of the sCintillation solution (con

ta1n1ng 400 gm naphthalene, 28 gin PPO, 1.2 gm POPOP, made up to 

).8 liters with dioxane) vere added to aach vial. The vials vere 

analyzed for their radioactive content in a Modal 4000 Packard 

liqui.d scintillation counter. The results are expressod. as counts 

per minute. The results are also presented, where appropriate, as 

the speci:fic thymidine incorporation, which is the ratio of thymidine 

incorporation in the presence of antigen to that incorporated in its 

absence. This procedure is essantially that described by Bain and 

Lowenstein (402). 
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3.12 Fractionation ~ Normal. Rabbit Bone Harrow Cells 

A linear sucrose density gradient was prepared in 

a 15 ml sterUe polypropylene tube using the Blchler Gradient Mixer 

equipped with a vibration type sterrer assembly. The proximal. 

compartment was f'illed with a 15 par cent sucrose solution in water 

containing 20 par cent NRS. The distal compartment was tilled with 

a 5 per cent sucrose solution made up in Hanks BSS containing 20 

per cent NRS. The rate o~ entry o~ fluid f'rom the distal. to the 

pro:rlmal. compartment was equal in 'VOlume to that dripping into the 

polypropylene tube ~l'OJIl the prorlmal. compartment, thus permitting 

~or the establishment o~ a linear density gradient. 

The bone marrow cells were washed sevaral times wi th 

Medium 199 and prepared as a suspension in normal. rabbit serum, 

diluted two f'old, in a concentration of' 200-300 x 106 cells per ml. 

One hal.~ to one ml of' this cell suspension was layered onto the 

surfa.ce of the linear sucrose gradient and the tube was centrifuged 

at 100 x g for 3-5 minutes, f'ollowing wldch the tube was punctured 

'With a needle and the fractions collected in sterile plastic tubes 

(Figure 2). The cells were washed trice with . ·Mad-P5-NRS and were 

resuspended in this medium to gi va a final cell concentration of 

106 cells par ml. The response of' the bone marrow cells in each 

fraction to antigen was determined using the cell culture technique 

as outlined above. 
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.2:,13 Radioautograpgy 

The radioautographic procedure followed. for the 

analysis of the cell suspensions following incubation vith the 

antigen was essentially that described qy KOpriwa and Leblond 

(403). The cells were spread onto gelatin-coated glass slides 

(0.5 gm gelatin and. 0.05 gIn chrome alum, made up to 100 ml with 

distilled water) which were then air dried. The coating procedure 

was carried out in a photographic dark room. A safelight filter 

(Kodak, Wratten Series 2) was used with a 15 Watt lsmp at a 

distance of 3 feet above the working area. Kodak NTB-2 Liquid. 

Nuclear Track Emulsion was heated to 37°C in a water bath and 

kept at this temperature throughout the procedure. The slides 

were held vertica11y by the marked end and dipped into the emul

sion. The excess emulsion on the back of the slide was wiped off 

with~enex tissue. The coated slides, maintained in a vertical 

position, were a110wed to dry for 2-3 hours in complete darkness. 

During this period, the excess emulsion that drained was absorbed 

onto gauze. The slides were then stored in light-tight slide 

boxes containin5 a dessicating agent (Drierite pellets). The 

boxes were kept at 4°C for 2-4 days and then developed with Kodak 

D-19 developer for 3 minutes, followed by passage through a water 

rinse for one minute and Kodak fixer for 5 minutes. These solu

tions and the water used were maintained at room temperature. 

Alter washing, the slides were stained with Jenner's stain. 
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..2!14 Fluorescent Antibody Technique 

Human serum albwnin, bovine gamma.-globulin, bovine 

serum albumin and Keyhole limpet hemoa,ranin were conjugated to 

fluorescein isoth:i.oa,ranate (FITC) (Dajac Laboratories, Phil

adelphia, Pa., USA) by the method of Clark and Shepard. (404). 

The prote in to be coupled was dissolved in 0.025 M bicarbonate 

butfer, pH 9.0, to a concentration of 10 mg per ml. Five ml of 

this solution were placed within a Visking cellophane sac (Visk

ing Corporation, Lindsay, Ont.) and dialyzed for 12-15 hours 

against 10 volumes of a one per cent solution of FITC dissolved 

in the same buffer. The contents of the dialyzing sac were then 

dialyzed against phosphate buffer, pH 7.3, for several days, with 

daily changes of the buffer, until no coloured mate ri al could be 

discerned emanating fram the Visking sac. The contents of the 

dialysis sac were then frozen in 2 ml aliquots and stored at _10°C 

until used. The FITC - protein conjugate -was not absorbed with 

guinea pig liver power or any other organ prior to use. 

Rabbit antiserum to human serum albumin was pre

cipitated with 40 per cent ammonium sulphate and the precipitate 

was washed with ammonium sulphate, dissolved in water, dialysed 

against distilled water for 24 hours at 4°C and lyophilized. This 

gamma.-globulin fraction of the rabbit antiserum was then conjug

ated to F.I:TC in the manner as described above. 
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All preparations were mounted in buf:fered glycero1 

and studied immediately with a Reichert ttZetopan" microscope 

equipped with an Osram HBO 200 watt super pressure mercur,y 1amp 

with an em1ssion curve with two peales at 36.5 and 43.5 mu. An 

excitor filter and Wr&tten blocking filter l/GG9 were interposed 

between the light source and the stage • 

.2!ll. Tanned Cell Hemagglutination Technique 

Boyden, in 19.51, demonstrated that the treatment 

of rad blood cells with low concentrations pf tannic acid brings 

about a change in the properties of these cells, rendering them 

capable of absorbing protein molecules and of subsequently being 

agglutinated by the antibodie s directed to the absorbed anti-

genic protein molecules (40.5). It has been suggested (406) that 

tann1c acid alters the surface properties of the red celis, chang

ing them from a bydrophilic to a hydrophobie state. Freund (407) 

assumed that tannic acid, 1ike homologous antibody, brings about 

a change in the surface potential of the cells which, in the 

presence of certain ele~es, results in their aggregation. 

Whatever the exact mechanism of the agglutination of the rad cells 

by tannic acid, it seems not unlike1y that the same factors are 

involved in the ability of the tannic acid to promote the absorp

tion of proteins onto the rad cells with their resultant agglu

tination by specifie antibody. However, the exact mechanism by 

which tannic acid alters the rad celi surface to facilitate absorp

tion of protein i5 unknown. 
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The red cells W8:L"8 tanned by adding 6 ml of a 

1:20,000 preparation of tannic acid, freshly prepared with phos

phate buffered saline (PBS) (phosphate buffer, pH 7.2:saJ.ine-1:1) 

!rom a 1:100 stook solution of tannic aoid, to 6 ml of a 2.5 per 

oent suspension of sheep rad cells which were then incubated for 

10 minutes at y/oC. The tube was centrituged, the supernatant 

disoarded and the tanned cells washed three Mmes wi th 6 ml of 

PES. The tanned oells were then incubated with 6 ml of the anti

gen solution, made up in PBS, for 15 minutes at '5rC following 

which the tube was centrifUged and the supernatant disoarded. 

The oells were washed three times with normal. rabbit serwn di

luted 100 fold in PBS and made up to a final oell oonoentration 

of 2.5 per oent. These oells are referred to as eensitized oells. 

( The hemagglutination test was perfonned in 13 x 100 

mm lipped round bottom test tubes which were he1d in plastic 

frames containing 14 tubes to a row. The antiserwn to be tested 

was diluted 10 fold wi th saline and doubling dilutions were pre

pared, using one ml volumes. One-tenth ml of the sensitized 

oells was added to eaoh tube and the tubes were shaken well until 

the cells were evenly dispersed. The following controls were 

perforrned with eaoh experiment (i) incubation of sensitized cells 

with diluent only and (ii) incubation of unsensitized cells with 

the antiserum. The tubes were aJ.lowed to stand at room tempera.

ture and usually read 16-20 hours later. In control tubes, the 
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cells settled to the bottom to fom. a ccmi.pact bntton. This is 

considered to be a negative resu1t. In the presenoe of antibodies, 

the red cells formed a gelatinoue-like lqer covering the entire 

bottom surface of' the tube and this disposition of the sensitized. 

cells constitutes a positive hemagglutination reaction. The 

titer of' the antiserum is expressed as the 1Ila:rlmam dil.ution of 

the antiserum capable of effecting agglutination of the sensitized 

erythrocytes. 

:3.15 Co-Precipitation Of Radioactively-Labelled. Antibody 

The t~cbn1q11e follcnted vas essentially that described 

by Haber et al (408). Tubes containing 4 ml of the ceU suspension 

(106 cells per ml) vere set up as described under Call Culture Tech

nique (Chapter 3.10). On day 2 o:t culture, the cell suspensions 

vere centr1fUged, the antigen (HSA) - containing supematants "1'8 
discarded and. the cells resuspended in 6 ml of Med-P8-NRS. They 

vere washed twice with this medium. and resuspended in 4 ml of med

ium. One uc Tyrosine - c14 (specifie activity 1 mcfMm.) vas 

added to each tube and. the tubes vere placed in a 1re incubetor. 

Arter five days of culture, the tubes vere centrifnged at 800 rpa 

for 10 minutes. and. the supernatants :t'rom al.l the tubes in the s_e 

series ware pooled, dialyzed ag Binst dist1l1ed vater for 48 hours 

at 4°e and. lyophilized. The cells vere washed once more with 

Med-PS-NRS, resuspended in 6 ml of this med.11lDl and a cell-free 

preparation obtained by subjecting the. cells to ultrasonic 
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vibration (20,000 cycles/sec.) for )0 seconds (Ultrasonic Probe, 

Fisher Scientif'ic Instruments). This preparation was also dialyzed 

agai.nst distilled water for 48 hours and lyophilized. Both super

natant and ceU preparations were then dis sol ved in saline in one 

ml volumes which~~divid.ed into two equal aliquots. Ta one was 

added 0.5 ml rabbit anti-HSA antiserum and to the other was added 

0.5 ml rabbit anti-BGG antiserum.. The tubes were incubated in a 

1re water bath for one minute foUowing wbich the optimal con

centrations of the antigens, HSA and BGG, were added to the 1'8s

pecti va tubes. The optimal concentratiom of the antigens were 

initially deter.mined by quantitative precipitation tests to give 

the Dean and Webb aritiserum constant antigen variable optimal 

proportions ratio. The tubes were shaken and kept in the water 

bath for two hours followed by incubation at 4°e overnight. 

The precipitates fo:nned were washed twice with cold saline, dis

solved in hyamine (0.5 ml) and analyzed for their radioactive con

tent using the Packard scinti1lation counter (see Chapter 3.]~). 

J.l? Viabil1ty Studies 

One tenth ml of a one per cent solution of trypan 

blue was added te one ml of the ce1l suspension. A count was per

fo:nned iImnediately thereafter and after one hour of incubation at 

37°C (409) in order to detennine the proportion of dead ce1ls. 
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3.18 staining Procedures 

The slides were stained with the Jeroter-Giemsa 

stain. The smears were covered with Jenner's stain for six 

minutes, rinsed in buffered water, pH 6.8, and. then covered with 

Giemsa stain for ten minutes. The stained slides were rinsed in 

distilled water, air drie~cover slipped and seal.ed with permount. 

o 

.. 
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CHAP'lER 4 

EXPERDENTAL PROCEDURES AND RESULTS 

EXFERnENT l 

THE INDUCTION AND SPECIFICITY OF THE SECONDARY IMMUNE RESPONSE 

IN FRAGt-ENmOF LlMPHOID TISSUES OF PREVIOU~LY IMMUNIZIID RABBITS 

Procedure 

Rabbits were immunized with HSA by the foot-pad 

administration of 5 mg HSA emulsified in Freund's complete 

adjuvant twice at 7 day intervals. They were also give 15 mg 

HSA intravenously s1mu1 taneous wi th the foot-pad. injections. 

CircuJ.ating antibody titers were determined at 

reguJ.ar intervals of time and. the anima.ls were sacrificed, by 

the intravenous administration of nembutal (50 mg per kg body 

weight) about 5 - 7 months after immunization, when the 

antibody titer had fallen to 10 - 20 per cent of that observed 
. .'~ 

at peak antibody fonnation. The lymph nodes (popliteal), 

thymus and spleen were rapid1.y excised, placed in medium and. 

cut into fragments and cultured as described in Chapter 3.9. 

The supernatants of the fragment cultures were analyzed for 

their antibody content by the tanned celi technique, as 

de scribed in Chapter 3.14. 
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Results 

As can be seen in Tab1e .. V, the lymph node 

fragments responded with marlœd antibody formation following 

incubation with the antigen for 2 hours. The peak antibody 

titer was attained by day 10-13 and antibody re1eased by the 

fragments could still be detected by day 34 of culture. 

Lymph node fragments which had not been :iJti. tially incubated 

with the antigen either did not respond with the formation 

of detectable amounts of antibody or produced much lower 

leva1s of antibody. Results similar ta those presented in 

Table V were obta.ined wi th lymph node fragments of 10 other 

immunized rabbi ts. 

The speci;6icity of the immune response ini

tiated in vitro is documented in Table VI. Onl.y red cells 

sensitized with HSA were agglutinated by specific antiserum 

and the culture supernatants. Furthermore, the agglutination 

of the antigen sensi tized tanned cells by the culture super

natants could OlÙy be inhibited by the specific antigen. 

The in vitro response with ·spleen fragments 

was at best equivocal, whereas fragments of thymus and 

appendix uniformly failed ta respond with antibody formation 

(Table VII). This experiment was repeated tb.ree times with 

essentially similar results. 
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The effect of a known immunosuppressant, 

6-mercaptopurine (6...MP)" on the in n tro immnne response :1s 

presented in Table VIII. The:immune response vas totaJJ.y 

inhib:1 ted by 100 ug and 1000 ug of 6-.MP wbile 10 ug of th:1s 

compound had. no obv:1.ous effect. 
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TABIE V 

ANTIBODY TI'lEM IN SUPERNATANTS OF CULTURES OF LYMPH NODE FRAGloSNTS OBTAINED moM HYPERIMMUNlZED RABBITS, MAINTAINED IN lm). 199-NRS 

Expt. Ant1gen Age, in days, of cultures when super-No. added natants were tested for antibody content: (HSA) 

4 7 10 13 19 2; 31 34-

1 + 0 2,)60 81,8203: 40,960 20,480 2,;60 ;,120 640 + 0 ;,120 40,960 40,960 20,480 2,;60 1,280 320 + 0 640 40,960 40,960 10,240 2,;60 1,280 160 -* 40 640 2,560 1,280 640 160 80 80 40 640 2,560 1,280 320 160 80 80 40 640 2,;60 1,280 640 40 20 20 
2 + 0 10,240 10,240 2,;60 2,;60 640 80 160 + 0 10,240 ;,120 2,;60 2,;60 640 320 320 + 0 20,480 10,240 ;,120 10,240 1,280 640 640 4-0 1,280 2,560 2,.560 640 320 160 80 20 1,280 2,;60 2,.560 640 160 160 80 
3 + 0 2,560 1,280 640 1,280 640 320 320 + 0 5,120 1,280 640 1,280 1,280 640 160 + 0 5,120 2,560 1,280 1,280 1,280 640 160 + 0 1,280 1,280 1,280 2,560 2,560 320 160 160 320 640 160 

320 640 320 80 80 20 20 NeD.· 320 640 80 20 80 20 20 NeD. 

• N eD. = not determined 
f The antibody t1ter, as determined by the tanned celi technique, represents the rec1procal of the maJdmum dilution of the culture fluid capable of ef'f'ecting agglutination of' the antigen sensi tized cells. * Signifies no antigen added. 

• 

~ 



THE SPECIFIe AGGLUTINATION OF SENSITIZED 

TANNE!> RED CELlS BY TISSUE CULTURE SUFERNATANTS 

Antiserum or 
Supernatant tested 

Rabbi t Anti-HSA antiserum 

Rabbi t Anti-HSA antiserum 

Rabbit Anti~ antiserum 

Rabbi t Anti-HSA antiserum 

Tissue Culture Supernatant** 

Tissue Culture Supernatant 

Tissue Culture Supernatant 

Tissue Culture Supernatant 

Tissue Culture Supernatant 

Tissue Culture Supernatant 

Antigen used 
to sensitize 
tanned ceUs 

BGG 

KLH 

BSA 

HS! 

KLH 

BOO 

HSA 

HSA 

HSA 

Inhibit1ng 
tntigen 

HSA 

KLH 

BGG 

* The ti ter represents the reciprocal of' the 
max::i.mum dilution capab1e of' ef'f'ecting agglu
tination of' the antigen sensi tized red ceUs. 

** Obtained !'rom cultures specificalJ.y stimu-
1ated with human serum albumin (HSA). 

Titer* 

800,000 

- .200 

20 

1,000 

10,2J.K) 

10 

10 

10 

10,2J.K) 

5,120 
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T.ABIE VII 

ANTIBODY TI'lERS IN SUFERNATANTS OF CULTURES 
OF FBAGENTS OF VARIOnS LYMPHOID TISStlES 
OBTAINED FROM IMMDNI2ED RABBITS (FOOT~AD), 
INCUBA'JED WITH ANTICEN (HSA) IN VITRO. 

Organ Age, in <layS, of cultures when supernatants 
Cultured. were tested for antibody content by' the 

tanned cell hemaggl.utination technique.* 

4 7 10 16 22 31 

Lymph node 160 2,560 20,480 20,480 10,240 2,560 
(popliteaJ.) 

Spleen 0 0 40 0 0 

0 0 0 0 0 

Apperdix -0 0 0 0 0 

* The antibody ti ter represents the max:imum dilu'l:.ion 
of the antiserum· capable of effecting agglutination 
of the sensi tized rad cells. Each vaJ.ue represents 
the mean of duplica'be determinations. VaJ.ues 1ess 
than 10 are considered te be negative. 

The supernatants of l3mPh node fragments incubated 
wi thout antigen disp1wed a maximum antibody ti ter 
of 640 on day 10. Spleen, thymus and appendix 
fragments incubated without antigen produced no 
detectab1e amounts of antibody~ 

0 

0 

0 
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TABlE VIII 

EFFECT OF 6 - MERCAP'roPURINE (6...MP) ON THE RESPONSE 

TO ANTIŒN OF FRAGIENTS OF LYMPH NODES OBTAINED 

FROM A HYiERIMMUNIZED RABBIT (HSA) 

Matarials incubated 
wi th the fragments 

Antibody ti ters of supernatants 
of fragments cul tured wi th HSA 
and/ or 6...MP for the following 
periods of time (dqs). 

3 dqs 7 ~s 10 ~s 15 dqs 

Control - no antigen 0 160 640 320 

HSA - 1 mg 0 1,280 2,560 2,560 

6-MP - 1000~g 0 0 80 40 

6-MP - 100 ug 0 0 160 0 

6-MP - 10 ug 0 0 0 0 

HSA(l mg) ... 6...MP(1000:ug) 0 0 0 0 

HSA(l mg) + 6-MP(100 ug) 0 0 0 0 

HSA(l mg) + 6-MP(10ug) 0 640 2,560 2,560 

* The ti ter is exprassed as the m.a:x:imum dilution capable 
of effecting the agglutination of sensitized tanned rad 
cells. Each value rapresents the Mean of duplicata 
determinations 



EXPERnENT II 

DE'lERmNATIONOF OPTIMAL CONDITIONS FOR TEE INDUCTION OF 

BLASTOŒNESIS AND INCORPORATION OF TRITIA'lED TlIDODINE BY 

LIMPHOID CELLS m VITRO 

Procedure 

ll4 

Experiments were performed wi th lymph node 

(popliteal), spleen and bone marrow cell suspensions derived 

f'rom normal rabbits. The culture tubes were set up with four 

ml of Med-PS-NRS containing varying numbers of cells. The 

response te PRA was determined by adding 0.25 ml of PRA (1:10) 

te the appropriate tubes at the beginning of culture and radio

active thymidine at day t'Wo of culture (see Chapter 3.10). 

A:f'ter three days of incubation, the tubes were centrifuged 

and the cell suspensions were analyzed for their incorporation 

of tritiated thymidine, as described in Chapter 3.ll. 

The optimal concentration of NRS was determined 

by incubating normal lymph node and spleen cells (4 x 106 per 

tube) in l-Ied-PS containing varying concentrations of NRS. 

One quarter ml PRA (1:10) was added te the tubes and the 

response was determined foliowing an incubation period of 

three days. The celi suspensions were analyzed for their 

incorporation of tritiated thymidine in the manner described 

above. 
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Results 

As can be seen in Table IX, the lymph node, 

spleen and bone marrow cell suspensions all presented wi th 

opt:i.maJ.incorporation of tritiated thymidine when 4 x 106 

cells were utilized par cUlture tube. The response wi th 

6 8 :x 10 cells was not very much enhanced over that obtained 

6 
with 4 x 10 cells. 

As can be se en in Table X, the lymph node 

and spleen cell suspensions (4 x 106 par tube) incubated with 

PHA responded wi th optimal blastogenesis and incorporation of 

tritiated thymidine when incubated in Med-PS containing fifteen 

par cent NRS. 

No direct relationship was found to exist 

between the absolute number of cells incubated par culture 

tube and the maximum incorporation of tritiated thymidine by 

these cells. Similar resul ts were obtained when varying 

concentrations of NRS were utilized to determine the concen.-

tration of NRS required for optimal blastogenesis in the 

presence of PliA. 

In view of these results, aD. cultures described 

in the following experiments were parformed on the basis of 

4 x 106 cells par tube in the presence of Med-PS-NRS, using 

NRS in a concentration of 1.5 par cent except if otherw:i.se stated. 



TABŒIX 

THE INCORPORATION OF TRITIA'lED THIMIDINE BI CELL 

SUSFENSIONS OF VARYING CONCENTRATION INCUBA'lED 

WITH PRA FOR TBREE DAYS 

Materia1 Number of Incorporation of tritiated 
incubated cells thymidine by the cell 
with cell incubated suspensions (counts per 
suspensions in 4 ml of minute)· 

medium 

L;ymph node Spleen Bone 
cells cells marrow 

cells 

Controls 
1 x 106 cells (No mA added) 120 572 5,765 

2 x 106 cells 300 699 9,920 

4 x 106 cells 1,060 1,688 22,775 

8 x 106 cells 1,720 1,897 24,358 
6 12 x 10 cells 2,200 2,335 NeD.·· 

PIlA (1:10) -
1 x 106 cells 0.25 ml 6,798 4,187 12,868 

2 x 106 cells 15,030 18,359 26,600 

4 x 106 cells 98,057 48,864 82,628 
6 8 x 10 cells 112,560 .54,370 91,475 

12 x 106 cells 79,058 60,114 NeD. 

* Each value represents the mean of triplicata determinations 
•• NeD. = Not done 
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TABIE X 

THE IN VITRO RESPONSE TO PRA OF CEIL SUSFENSIONS 

(4 x 106 CEIJ.S) INCUBA'lED FOR THREE DAYS WITH 

MEDIUM 199 CONTAINING VARYING CONCENTRATIONS OF 

NORMAL RABBIT SERUM (NRS) 

Matarial incubatad Concentration 
with cell of NRS in 
suspensions the medium 

Contro1s 
(No PHA a.dded) 50 par cent 

20 per cent 

15 per cent 

10 per cent 

PHA (1:10)- 0.25 ml 50 per cent 

20 per cent 

15 per cent 

10 per cent 

Incorporation of 
tri tiatad thymidine 
by the cells 
incubatad for three 
days (counts par 
minuta)· 

Lymph node 
cells 

675 

582 

687 

438 

57,000 

49,271 

.54,668 

47,050 

Spleen 
cells 

1,285 

2,667 

2,175 

1,941 

24,390 

27,777 

29,410 

33,586 

• Each value represents the mean of triplicata determinations 
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EXPERlMENT In 

THE IN VITRO BLAS'l'OGENIC RESPONSE TO PROTEIN ANTIGENS OF LYMPHOID 

CELL SUSPENSIONS OBTAINED FROM PREVIOUSLY IMMUNIZED RABBITS 

Procedure 

Rabbits were immunized with HSA in the manner des

cribed above and sacrificed five to seven months 1ater when their 

circulating antibody titers had diminished to ten to twenty per 

cent of peak titers. The 1ymph nodes (pop1iteal), spleen, thymus, 

appendix, sacculus rotundus and bone marrow were rapidly excised 

and p1aced in Med-PS-NRS. The ce11 suspensions were prepared as 

described in Chapter 3.10 and they were incubated for var,ying 

intervals of time with the immunizing (HSA), cross reacting (BSA) 

and unre1ated (KLH and BOO) antigens. The incorporation of triti

ated thymidine by the ce11 suspensions was determined according to 

the procedure detai1ed in Chapter 3.11. 

For radioautographic analysis, the ce11 suspensions 

at the termination of eulture were smeared onto gelatin-eoated 

glass slides whieh were then dried, coated with the photographie 

emulsion ., stored at 4°C and developed and stained in the manner 

described in Chapter 3.13. 

Rasults 

As presented in Tables XI and XII, the lyrnph node 

and spleen eell suspensions responded with marked b1astogenesis 
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8Dd tritiated thymidine incorporation when iDc:ntbated with HSA in 

vitro. The m&'rlmum response was obserwd batween dqs f'1ve and. 

ten ot culture. As little as one ug BSA was capable ot st1Dmlating 

a marked increase in blastogenesis and tritiated tb3'midine irloor

poration. A much lower response w~ observed. when EBA, a cross

reacting ant1gen, was added to the culture tubes. The cell sus

pensions did not respond. to the unrelated 8Iltigens (KLH and BiG). 

~s, appendix and. sacculus rotundus cell suspen

sions tailed to respoDd to any ot the antigens vith which they vere 

incubated in vitro (See Table XIII). 

As can he seen in Table XIV the bone marrow cells 

responded m1n1mally, if at al1, to HSA on dç- three ot culture, 

whereas these cells re"sponded markedly to BGG and KLH, especiaJ..l;r 

by dqs f'ive to seven ot culture. The significanoe ot this latter 

result set the stage for the experilllents reported upon below 

(Experiment V). 

The results ot the radioautographic analyses are 

presented in Figures 3-5. The majority ot the labelled lymph node 

and spleen cells following incubation vith sntigen were distingu1-

shed as blasts and plasma-like cells (Figures 3-B and 4). There 

appeared to be a direct correlation between the uptake ot tritiated 

t~dine by the ceU suspensions as d.etermined by scintillation 

counting and. the number of labelled. cells seen in radioau.tographs. 

Control specimens incubated in the absence of the antigen contained 



mostly' unlabelled cells, the _ajority o~ which were ..:u. ~ho
cytes (Figure 3-A). As can ba sean in Figure S, the bo .. aarrow 

cell suspensions ~ollowing incubation vith the antigeD CODtained 

lev labelled cells, the majority o~ which were imuLture -ve101d and 

erythroid cells. Radioautographic analysis o~~, appmdix md 

sacculus rotundas ceU suspensions ~oll.ow1ng incubation d'th the 

antigen ~ai1ed to. show sny signif'icant increase o~ 1abe1l.1ng 1Ihen 

compared vith control cultures incubated in the absence o~ the 

antigen. 

The ent1re experlment was repeated five t1mes wi.th 

essentially s1m:1.lar results. 



TABIE XI 

THE IN VITRO RESPONŒ TO PROmIN ANTIGENS OF LlMPH 

NODE CELlS OBTAINIID FROM A RABBIT HlPERIMMUNIZED 

TO HSA FIVE MONTES PRIOR TO SACRIFICE 

Antigen Uptalœ of tritiated ~dine by the lymph 
inoubated wi th node cells during incubation with antigens 
cell suspensions for the following periods of time 

(counts par minute). 

3 dqs 5 dqs 7 d~s 10 ~s 15 d~s 

Control 594 1,200 3,250 314 135 

HSA - 25 mg 8;450 19,150 12,416 9,750 620 

HSA - 10 mg 15,800 40,800 19,300 13,8.52 781 

HSA - 1 mg 8,340 27,9.50 16,373 6,300 863 

HSA _ 100 ug 4,788 17,700 9,520 7,555 374 

HSA - 10 ug 4,4.50 18,500 13,200 1,330 400 

HSA. - 1 ug 2,400 12,700 12,104 1,490 129 

BSA - 10 mg 89.5 1,950 5,172 692 161 

BSA - 1 mg 608 2,058 3,790 963 227 

KLH -1 mg .502 920 3,200 288 53 

BGG - 10 mg 428 1,620 . 2,753 189 76 

• Each value represents the mean of triplicate determinations 
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TABIE xn 

THE IN VITRO RESPONSE 1'0 FRO'lEIN ANTIŒNS OF SPIEEN 

CE~ OBTAINED FROM A. RABBIT HYFERIMMUNIZED TO HSA 

FIVE HJNTHS PRIOR TO SACRIFICE 

Antigen Upta.lœ of tritiated t!wmidine by the spleen 
incmbatedwith cells during incubation wi th antigens for 
cell suspensions the following periods of tilDe (counts par 

minute)· 

3 days 5 days 7 days 10 days 15 days 

Control 1,100 1,150 1,650 1,356 510 

HSA - 2.5 mg 33,900 32,400 10,471 12,S72 98.5 

HSA - 10 mg 38,750 40,9.5.5 29,650 37,452 2,17.5 

HSA - 1 mg 24,32.5 19,450 37,4.50 20,.500 1,270 

HSA - 100 Ug 1.5,314 10,972 19,900 7,100 700 

HSA _ 10 ug 9,8.50 9,000 10,300 6,850 420 

HSA - 1 ug 2,7.5.5 6,122 4,090 5,000 500 

FSA - 10 mg 6,S70 4,300 3,050 2,67.5 62.5 

FSA - 1 mg 4,000 .5,47.5 7.50 4,580 800 

BGG - 10 mg 1,3.50 900 1,300 1,000 482 

KLH - 1 mg 910 1,200 82.5 1,200 310 

• Each value represents the mean of triplicate deter.mina.tions 

122 



e e 

TABlE XIII 

THE IN VITRO RESPONSE TO PROiEIN ANTIGENS OF THYMUS, APIENDIX AND 
SACCULUS ROTONDUS CELlS OBTAIN&D FROM A RABBIT HYPERIMMUNI2ED 'l() 

HSA FIVE MONTHS PRIOR TO SACRIFICE 

Cell suspensions Antigen Uptake of triti9:i:.ed ~e by the ~s 
prepared !rom incubated cells during incubation wi'th antigens for the 
foilowing organ with ceil following periods of t:1.me (counts per minuta). 

suspensions 3 deys 5 deys 7 deys 10 deys 15 days 

Thymus Control 803 180 131 90 38 
HSA - 25 mg 650 75 98 110 25 
HSA - 10 mg 900 137 100 55 68 
HSA - 1 mg 575 105 70 22 51 
HSA - 100 \tg 605 115 133 38 22 
HSA - 10 ug 720 80 58 70 15 
BSA - 10 mg 829 69 49 50 30 
KLH - 1 mg 375 125 80 30 48 
BGG - 10 mg 400 200 105 75 10 

Appendix Control 636 362 122 NeD.·· NeD. 

HSA - 25 mg 657 326 121 NeD. NeD. 
HSA - 10 mg 507 148 72 NeD. NeD. 
HSA - 1 mg 343 152 76 NeD. NeD. 

KLH - 1 mg 610 217 71 NeD. NeD. 

Saccu1.us Control 235 142 108 NeD. NeD. 
Rotundus HSA - 25 mg 231 181 82 NeD. NeD. 

HSA - 10 mg 178 160 48 NeD. NeD. 
lIS! -- l mg 129 130 72 NeD. NeD. 

,.. Each value represents the mean of triplicata detarminations 
,..,.. NeD. = Not dOM .... 

~ 



• TABlE xl! 

TEE IN VITRO RESPONSE TO ANTIGENS OF OONE MARROW CELLS 

OF A RABBIT BYFERDtMUNIZED TO HS.A FIVE MONTHS PRIOR TO 

SACRIFICE 

Antigen 
incuba"ted wi th 
cell suspensions 

Tritium uptake by the bone marrow cells 
incuba"ted in vitro w:i th antigen for the 
following periods of time (counts per 
Minute)* 

3 days 5 days 7 days 10 days l.5 days 

Control. 36,005 4,683 1,296 

HSA - 25 mg 33,500 3,900 2,300 350 

HSA - 10 mg 37,685 3,808 2,975 1,049 520 

HSA - 1 mg 47,440 5,l.82 3,204 l,Osa 580 

KLH - 1 mg 50,200 15,020 l.0,700 3,600 1,200 

BGG - 25 mg 44,100 10,800 8,942 2,900 760 

* Each value represents the Mean of tripl.:i.ca"te de"terminations 
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-FIGURE , RAmOAUTOGRAPH OF LlMPH NOlE CELLS OF PREVIOOSLY IMMDNIZED 

RABBIT INCOBATED (a) WITBOOT HSA. (b) WITH HSA. 

FOR FIVE DA.YS AT 37OC. 400 X MAGNIFICATION 
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FIGURE 4 RAmOAUTOORAPH OF SPLEEN CELLS OF PREVIOOSLY IMMUNIZED 
RABBIT INCUBATED WITH HSA FOR FIVE DlYS AT y,o. 
630 X MAGNIFICATION 
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FIGURE 4 RAmOAUTCGRAl'H OF SPLEEN CELLS OF PREVIOOSLY IMMUNIZED 
RABmT INCUBATED WITH HSA FOR FIVE DtLYS AT 37°. 
630 X MAGNIFICATION 
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RAmOAUTOORAPH OF BœE MARRCM CELLS OF PREVIOOSLY DOOJNIZED 
RABBIT INCUBlTED WITH HSA. FOR F.IVE DlYS AT YloC. 
400 X HAGNIFICATION 
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RADIOAUTOGRAPH OF BONE MARRCM CELLS OF PREVIaJSLY IMMUNIZED 
RABBIT INCUBATED WITH HSA. FOR FIVE Dt\YS AT :;?°C. 
400 X MAGNIFICATION 
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MI fJWMEliT IV 

RILA1'IœSHIP BE'l'WEEN TEE SECœJllRY nnmg RESPCpSE 

BY LlHPH Nom liRlGMENTS FRCH PREVIŒJSLY IMHDIIlEp RA'RRTTS 

A1lD THE BLAS.rœpIC RESPafSE BY CELL SUSPJpSI<I!S 

OBl'AINED FROI THE L1HPH HOlE OF THE SAD RABBt'l 

Pro°edure 

Rabbits vere 1mmnn1 !lad vith HSA. in the JII8D11er 

described prev10usly and sacrificed five to sevan months later~" 

Fragment and oe1l culture stwH.es were oarried out vith the 

lymph nodes (popliteal) in the DWmer desoribed. above (He 

Chapters 3.9 and 3.10). The supernatants trom the hagm8l'lt 

eultures vere analyzed for their antibody content by the tan

ned ce1l teclm1que as described. in Chapter 3.15 and the cell 

suspensions were anal.y!lad tor their incorporation ot tritiated 

thymidine as desoribed in Cbapter 3.11.' 

Results 

As oan be sean in Table ri the l.ymph node frag

ments responded vith marked antibody formation following incu

bation vith the antigen (1 mg HSA) for two hours. The peak 

antibody titer vas attained by days tan to fourteen and anti

body cou1cl still be detected by day twenty ot eulture. 

The l.ymph node 0811 suspensions responded wl th 

marked blastogenesis and incorporation of tritiated thymidine 

upon incubation vith HSl (1 mg) for the entire period ot culture.! 

'!he response vas a1ready iDitiated by day three of culture, attained 
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maximum levals by day sevan to fourteen and could still be detected 

by day twenty when compared to control tubes. A definite relation 

was found to exist between the extent of antibody formation by the 

fragments and the incorporation of tritiated thymidine by the celi 

suspensions obtained from the lymph nodes of the sane rabbit. 

The entire experiment was repeated with the tissues 

of three other imnnme rabbits with essentially the same results. 
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'rABIE xv 

RELATIONSHIP lE'l\'lEEN ANTIBODY FOlU-fATION BI LYMPH NODE FRAmENTS 
FROM PREVIOUSLY IMMUNIZED RABBITS AND THE: EX'lENT OF RADIOACTIVE 
THYMIDINE INCORPORATION BY CELL SUSPENSIONS OBTAINED FROM THE 
SAm LYMPH NODE UPON INCUBATION WITH THE ANTIGEN (BSA) IN VITRO. 

Cells and supernatants anaJ.yzed 
after incubation for 

3 days 7 days 10 dm 14 days 17 days 20 days 

Antib~ titers* 
of fragments 
suparnatants of 

Rabbit l 
Control 0 40 160 320 320 160 
Plus Antigen Cl mg) 0 320 20,000 20,000 5,120 2,560 

Rabbit II 
Control 0 40 80 20 0 0 
Plus Antigen (1 mg) 0 640 2,560 320 320 80 

Uptake of tritiated 
thymidine** by lymph 
node cells of 

Rabbit l 
Control 527 2,500 3,660 1,630 253 175 
Plus Antigen (1 mg) 7,770 36,735 62,575 23,070 5,646 1,380 

Rabbit II 
Control 335 895 1,600 1,100 600 52 
Plus Antigen (1 ~mg) 3,880 42,314 39,975 8,845 3,200 430 

* The titer is expressed as the maximum dilution capable of effecting 
agglutination of the sensitized ned cells. Each value represents the mean of 
duplicata determinations. Titers less than 10 are considered to he negative. 

6 
** Expressed as counts par minute (par 4 x 10 cells incubated in 4 ml of medium). 

Each value represents the mean of triplicate determinations. 

e 

.... 
~ 
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EXPERlMENT V 

THE INCORPORATION OF TRITIATED THYMIDINE BY NORMAL RABBIT LYMPHOm 

CELL SUSPENSIONS INCUBATED WITH VARIOUS PROTEIN ANTlGENS 

Procedure 

The lymph node (popliteal), spleen, thymus, appendix, 

sacculus rotundus and bone marrow were obtained from nonnal unim

munized rabbits. The ceil suspensions were prepared and incubated 

for varying intervals of t:ime wi th various concentrations of several 

protein antigens (procedure as outlined in Chapter 3.10). The ceil 

cultures were analyzed for their incorporation of tritiated thymi

dine in a manner described in Chapter 3.il. 

For ceil viability studies, the bone marrow ceil 

suspensions at the tennination of culture were analyzed in order 

to detennine the proportion of ~ead ceils (See Chapter 3.17). 

The number of bone marrow cells required for optimal 

blastogenesis to protein antigen was determined qy incubating 

various concentrations of these ceils in Hed-PS-NRS in the presence 

of HSA (25 mg). 

Results 

As presented in Table XVI the normal lymph node ceils 

failed to respond to a:ny of the antigens in vitro. Similar results 

were obtained with nonnal spleen ceils (Table XVIl, and normal thymus, 

appendix and sacculus rotundus cells (Table XVII~. 



On the other hand, as presented in Table XIX, the 

bone marrow cell suspensions obtained trOll! normal rabbits responded 

vith marked blastogenesis and incorporation of tritiated t~ine 

upon incubation with various concentrations of severaJ. protein 

antigens. The response was definitely observed by dq three of 

culture, attained ma:rlmum. levels by days rive to ten and could 

stUl be observed by day :ri!teen when compared to control cultures. 

The bone marrow cells failed to respond. when incubated w:i.th rabbit 
.. 

serœa albumin (RSA). Table XX shows the marked incorporation of 

tritiated thymidine obtained with nomal bone marrow cells incubated 

with various concentrations of other prote in antigens for three 

days in vitro. 

If' the results are expressed as specific incorpora-

tion of tritiated thymidine (the ratic of that incorporated in the 

presence of antigen to that incorporated in the absence of antigen), 

the values are 2-.5-8 for bone marrow cells but approrlmately 1 for 

l,ymph node, thymie, spleen, appendix and s acculus rotundus cells. 

As can be seen in Table XXI, the number of bone 

marrow cells normally cultured per tube (4 x 106) were found to 

respond opMmall.y upon exposure to antigen for three and five days. 

Doubiting" the number of cells par tube (8 x 106) resulted in a minor 

inerease in tritiated th\vmidine uptake. This experiment was per-

formed in order to ensura that the conditions employed in the former 

and 8ll subsequent experiments were indeed optimal for the reaction 

under investigation. 
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The cell v1abU1.ty etudies showed that the normal 

bone marrow ce11 suspensions cultured in the absence of the anti.

gen conta1.ned a greater number of d.ead cells than those cultured. 

in the presence of antigen. The control cultures showed 14 to 17 

per cent dead cells whereas the antigen-stbmlated cultures showed 

o!iq 5 to 7 per cent dead. cells when cultured for rive dqs. The 

oeil vi.ability counts perf'onned immediately following the addition 

of trypan b1ue to the cells or arter one hour of 1.ncubat1.on at 'Jl°C 

showed no marked difference 1.n the I11DIlber of sta1.ned dead cells. 



TABrE XVI 

lNCORPORATION OF TRITIA'1ED THYMlDINE: 
BY NORMAL RABBIT LlMPH NODE CELL 
SUSPENSIONS INCUBA'1ED WITH PRO'lEIN 
ANTIŒNS IN VITRO 

Antigen incubated 
with cell suspensions 

Uptake of tritiated ~e by the cells 
following incubation for the following 
periods of time (counts per minute)* 

134 

----

Control - no antigen 

HSA 

HSA 

HSA 

HSA 

BSA 

BSA 

- 50 mg 

- 25 mg 

- 10 mg 

- 1 mg 

- 25 mg 

- 10 mg 

3 days 5 days 7 days 10 days 15 days 

690 

500 

605 

620 

700 

567 

490 

371 

357 

279 

250 

307 

300 

309 

113 

103 

100 

87 

112 

85 

57 

75 

67 

50 

59 

70 

101 

49 

37 

30 

25 

50 

40 

45 

38 

* Each value represents the mean of trip1icate determinations 



TABrE xvn 

INCORPORATION OF TRITIA1ED THYMIDINE: 
BI NORMAL RABBIT SPIEEN CELL 
SUS:EENSIONS INCUBA'.IED WITH PRO'lEIN 
ANTIŒNS IN VITRO 

Antigen incubated 
w:i:th cell suspensions 

Upta1œ of tritiated thymidine by the cells 
following incubation for the following 
periods of time (counts per minute)* 

Control - no antigen 

HSA 

HSA 

HSA 

HSA 

BSA 

BSA 

- 50 mg 

- 25 mg 

- 10 mg 

- 1 mg 

- 25 mg 

- 10 mg 

3 da ys 5 days 7 days 10 days 15 days 

959 

690 

1000 

875 

1006 

913 

1040 

1000 

750 

803 

906 

7:# 

762 

437 

720 

400 

809 

800 

550 

413 

528 

320 

400 

575 

450 

366 

298 

300 

205 

297 

300 

* Each value represents the Mean of triplicate determinations 

1'5 
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TABrE XVIII 

INCORPORATION OF TRITIA'lED THnllDINE BY NORMAL RABBIT THYMUS, APPENDIX 

AND SACCULUS ROTUNDUS CEIL SUSPENSIONS INCUBA'lED WITH PRO'lEm ANTICENS 

IN VITRO 

Cell suspensions Antigen Uptalœ of tritiated tbiYmidine by the cells 
prepared !rom incubatad following incubation for the following 
following organ with cell periods of time (counts per minute). 

suspensions 
3 days 5 days 7 days 10 clays 15 clays 

Thymus Control - no . 150 327 168 67 40 
antigen 

ESA - 50 mg 120 275 100 .58 38 

lISA - 25 mg 97 300 125 54 30 
HSA - 10 mg 149 228 162 28 46 
lISA - 1 mg 162 302 102 47 39 

ESA - 25 mg 107 52 77 20 .58 
ESA - 10 mg 122 109 85 80 27 

Appendix Control _ no 572 176 102 NeD.·· NeD. 
antigen 

546 lISA - 25 mp; 115 100 NeD. N..D. 
ESA - 25 mg 503 117 98 NeD. NeD. 
KLH - 1 mg 176 217 76 N.D. NeD. 

Sacculus Control - no 245 142 99 NeD. NeD. 
Rotunius antigen 

HSA - 25 mg 127 106 87 NeD. NeD. 
ESA 25 mg 178 130 72 NeD. NeD. ... - ~ 

• Each value represents the mean of triplicata determinations 
•• N.D. = Not done 
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TABrE XIX 

'lm INCORPORATION OF TRITIA'lED THYMIDINE BY NORMAL RABBIT OONE MARRDW CELLS 
FoLLOWING INCUBATION WITH VARIOUS PR01EIN ANTIGENS FOR VARYING PERIODS OF TDE 

, Ant~ran Uptake of tri tiated thymidine by the cells following incubation incu ated wi th 
cell suspensions for the f~~~gpep.odsof time (counts par minute)* 

lday 2 days 3 days 5 days 7 ds.p 10 days 15 dsys , 

Control 194,192 126,602 32,905 2,296 1,)49 267 155 

&SA-50 mg 78,020 46,778 5,946 423 158 75 57 
RSA-25 mg 105,263 91,342 30,204 1,505 1,039 113 114 
RSA-l0 mg 142,886 97,087 23,872 1,883 1~395 143 107 
RSA- 1 mg 172,413 120~879 30,060 1,945 1,270 246 130 

lISA-50 mg 142,881 143,892 92~282 5,715 2,134 1,095 217 
HSA-25 mg 163,912 156,288 88,061 7,482 3,818 1,575 1,722 
HSA-l0 mg 173,934 141,221 65,040 5,653 2,083 847 345 
HSA- 1 mg 145,833 129,546 31,653 2,731 1,418 495 301 

BSA-50 mg 124,549 135,216 64,621 19;013 11,500 2,584 195 
BSA-25 mg 163,978 140,845 97,563 19,380 4,991 1,814 350 
BSA-l0 mg 179,52° 14,738 82,722 10,1;4- 3,708 1,677 745 
BSA- 1 mg 180,312 128,221 44,248 2,:333 1,135 663 320 

KLH- 2 mg 178,380 128,500 80,875 7,500 2,900 875 510 
KLH- 1 mg 180,300 160,210 102,310 10,642 4,364 1,420 642 
KLH- 0.5 mg 160,000 148,200 100,892 6,650 4,000 1,100 600 

* Each value represents the mean of triplicate deteminations 

1-' 
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nm: INCORPORATION OF TRITIA'JED THYMIDINE 
BI NORMAL RABBIT BONE MARRCM CELLS 
FOLLCMING INCUBATION WITH VARIOUS ANTIGENS 
FOR THREE DAIS. 

Antigen incubated 
Mi th cell suspensions 

Control - no antigen 

DSA - 10 mg 
1 mg 

RoSA - 10 mg 
SSA - 10 mg 

CSA - 10 mg 
1 mg 

OA - 10 mg 

ROO - 25 mg 
10 mg 

1 mg 

BOO - 25 mg 
10 mg 

J. mg 

Salm. 0 - 10 ug 
J. ug 

û.l ug 
O.Olug 

Sheep rbc 0.2m2 
(10%) 0.J.ml 

tJp~kG uftri tiatad thymidine 
by the cells following 
incubation for tbree days 
(counts per minuta)* 

?5,800 

45,700 
64,450 

35,270 
26,212 

42,700 
57,230 

40,402 

45,000 
39,403 
35,609 

.. 50,200 
34,852 
26,208 

39,345 
57,144 

48,875 
30,503 

45,555 
42,379 

* Each value represents the mean of triplicata detanninations 

1:38 



TABIE XXI 

THE INCORPORATION OF TRITIA'1ED THYMIDINE BI NORMAL 
, 

RABBIT BONE MARROW CELL SUSPENSIONS OF VARYING 

CONCENTRATION INCUBA'lED WITH HSA FOR THREE AND 

FIVE DAIS 

Material incubated 
with ce11.: 
suspensions 

Contro1s 
(No antigen added) 

HSA - 25 mg 

Number of 
cells 
incubated 
in 4 ml of 
medium 

incorporation of 
tritiated thymidine 
by the cell 
suspensions 
(counts par minute)* 

'3 days 5 days 

6 1 x 10 cells 1,556 

2 x 106 cells 9,923 4,250 

4 x 106 cells 14,771 8,.546 

8 x 106 cells 16,358 10,005 

1 x 106 cells 14,461 2,436 

6 
2 x 10 cells 27,280 10,300 

6 
4 x 10 cells 49,246 32,420 

6 
8 x 10 cells 50,190 34,900 

* Each value represents the mean of trip1icate determinations 
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EXPERDŒNT VI 

SPECIFICITY OF RESPONSE OF NORMAL 

BONE HARROW CELLS TO ANTIGENS 

EXPERlMENT VI-A 

THE IN VITRO RESPONSE TO PROTEIN ANTIGENS 

OF IDNE MARROW CELLS OBTAINED FRœ RABBITS 

AT VARYING TDŒS FOLIDWING THE ADMINISTRATION OF ANTIGEN 

Procedure 

140 

Rabbits vere given either a single intravenous 

injection of the antigen (USA, mG or KLH), in various concen

trations, or a subcutaneous injection of the antigen or the)" vere 

injected subcutaneously w1 th the antigen in Freund' s complete 

adjuvant. The animals wera sacr1f1ced at varlous intervals of 

t1m.e and their bone marrow cells vere collected and cultured in 

the presence of the immnnizing and other protein antigens according 

to the procedure outlined in Chapter 3.10. The incorporation of 

tritiated thymidine vas deterroined in the manner described pre

viously (See Chapter 3.11). 

Results 

The iIrmediate effect of the intravenous adminis

tration of HSA on the in vitro response of bone marrow cells to 

various antigens is presented in Table XXII. The bone marrow cells 
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responded to ESA and otber antigens in vitro wben excised and 

cultured fif'teen minutes following the administration of the 

antigen. However, the bone marrow cells obtained f'rom the rabbits 

~ hours a:t'ter they had: been injected. vith 100, 25 or 5 mg ES.! 

intravenously did. not respond to ES.! in vitro and. this response 

did. not reappear for the duration of the experiment (10 dqs). 

The reacti vi ty to HSA of the bone marrow cells obtained tram 

rabbits injected vith 1 mg ESA was still present b;y dq ten but 

was absent by dq f'i.f'teen. The reactivity of these in vivo lBS.! 

primed" bone marrow cells to other antigens was cOl11parab1e to 

that obtained vith cells of nomaJ, uninjected rabbits at all times. 

However, the response of these cells ta BSA (a oross-reacting 

antigen) was somewhat lover than that observed with the other 

unre1ated antigens. 

The effect of the subcutaneous administration of 

HSA aJ.one or in Freund's adjuvant on the in vitro response of the 

bone marrow cells to various antigens is presented in Tables 

XXIII and XXIV. In both oases the cells responded to HSA when 

cultured one or twenty four hours following the administration 

of 25 or 5 mg HSA,: but th1s response vas absent b;y dq ten. The 

cells obtained !rom rabbits injected with 1 mg HSA responded to 

HSA in vitro on dq 10 but not by dq 15. The reactivity of bone 

marrow cells to other antigens was again not affected b;y the suh

cutaneous administration of HSÂ. 
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The effect of the intravenous administration of 

l3GG or KLH on the in vitro response of the bone marrow cells in 

the presence of immunizing and other antigens is presented in 

Tables XXV and. XXVI. The results observed in these experlmeDts 

wera essentially the same as those c1è.scribed above, in that bone 

marrow cells obtained from rabbits injected with mG ,snd, KLH 

lost their capacity to respond in vitro when exposed to BGG and 

KLH, respectively. However, the response of the bone marrow 

cells to the non-immunizing antigens was not aftected. 
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TABIE XXII 

THE IN VImo RESPONSE TC PRO'lEIN ANTIŒNS OF BONE MARROW CELLS OBTAINED FROM 
RABBITS AT VARYING TIMES FOLLOWING THE INTRAVENOUS ADMINISTRATION OF RBA 

Amount of Time of Uptake of tritiatad tb;ymidine by the bone marrow 
Antigen sacrifice cells during incubation wi th the f011.owin, 
Injected following antigens for f1.:ve da:ys (counts per minute * 

(HSA) administration Control HSA RBA HSA KLH BSA BGG of the antigen 2.5 mg 10 mg 1 mg 1 mg 2.5 mg 2.5 mg 

100 mg 15 mins 4,000 ll,750 4,200 4,000 13,800 l2,.500 7,480 
100 mg 1 hour 3,800 7,800 6,900 3,.500 22,300 18,.500 9,71.5 
100 mg 24 hours 4,900 4,600 3,600 3,900 16,000 7,.500 10,390 
100 mg 10 da:ys .5,200 .5,400 6,090 6,400 26,.58.5 . 10,570 10,.500 

25 mg 1.5 mins 4.200 10,800 7,800 4,100 1.5,4.50 11.,.560 8,2.50 
25 mg 1 hour 3,87.5 6,70.5 .5,200 3,002 14,048 9,0.50 8,836 
2.5 mg 24 hours .5,780 .5,361 .5,000 4,84.0 16,200 8,200 10,2.54 
2.5 mg 10 days 3,920 3,460 3,700 3,440 17,8.57 8,135 9,7.50 

5 mg 15 min8 3,800 9,250 4,.575 3,498 18,892 12,7.50 8,360 
.5 mg 1 htur 3,.540 10,320 3,6.50 3,000 14,97.5 9,2.50 10,900 
.5 mg 24 hours 4,874 4,67.5 4,400 3,480 20,6.50 11.,240 10,800 
.5 mg 10 da:ys 3,000 2,907 2,630 2,408 1.5,6.50 6,87.5 9,270 

1 mg 15 mins 3,400 9,794/ 4,370 3,258 13,9.50 12,183 8,.502 
1 mg 1 hour 4,200 ll,860 .5,400 4,200 22,72.5 13,4.50 9,17.5 
1 mg 24 hours 4,475 10,128 8,005 5,748 18,298 li,385 li,O.50 
1 mg 10 days 3,875 .5,000 3,465 3,423 18,716 7,330 8,280 

* Each value represents the Mean of triplicata detarminations 

e 
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1'ABIE XXIII 

THE IN VITRO RESPONSE TC PRO'lEIN ANTIœNS OF :SONE MARROW CEW OBTAINED FROM 

RABBITS AT VARYING mES FOLLOWING THE SU~UTANEOUS ADMINISTRATION OF lIS! 

Amount of Time of Uptake of tri tiated thymidine by the bone marrow 
Antigen sacrifice cells during incubation with the fo11owing 
Injectad following antigans for five days (counts per minuta)* 

(lISA) administration 
of the ant1gen Control HSA HSA HSA KLH ES! BGG 

25 mg 10 mg l mg l mg 25 mg 25 mg 

25 mg l hour 3,650 14,490 8,a50 3,520 22,352 16,667 9,950 
25 mg 24 hours 4,886 9,979 8,000 4,200 15,506 13,600 9,954-
25 mg 10 days 3,989 2,885 3,572 4,000 17,454- 6,,548 8,150 

5 mg 1 hour 3,130 15,940 6,200 3,120 16,420 15,690 8,1.50 
5 mg 24 hours 3,546 6,338 5,430 3,224 15,277 10,180 9,780 
5 mg 10 days 4,486 3,985 4,270 4,000 14,562 7,354 7,924 

1 mg 1 hour 3,260 14,446 5,470 4,080 14,771 13,360 10,847 
1 mg 24 hours 5,847 10,395 5,656 4,868 14,458 13,600 10,556 
1 mg 10 days 4,252 11,820 3,950 4,200 14,402 10,206 9,287 
1 mg 15 days 3,376 5,250 2,120 3,259 10,482 8,251- 8,188 

'" Each value represents the mean of triplicata detarminations 

i 
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TABIE XXIV 

THE IN VITRO RESPONSE TO PRO'lEIN ANTICENS OF OONE MARROW CELLS OBTAINED FROM 

RABBITS AT VARYING TIMES FOLLOWING THE SU:OC:UTANEOUS ADMINISTRATION OF HSA IN 

FREUND t S :ADJUVANT 

Amount of Time of Uptake of tri t1ated th;ynÎidine by the bone marrow 
Antigen sacrifice cells during incubation wi th the following 
Injected following antigens for !ive days (counts per minute). 

(HSA) administration 
of the antigen 

Control HSA IfSA IfSA KLH ESA BGG 
25 mg 10 mg 1 mg 1 mg 25 mg 25 mg 

25 mg 1 hour 3,.583 13,879 7,604 4,405 14,692 12,634 10,329 
25 mg 24 hours 5,400 12,860 6,764 4,909 15,306 14,562 10,336 
25 mg 10 days 4,826 3,400 3,637 4,250 16,875 9,880 7,212 

5 mg 1 hour 3,962 13,980 10,604 4,806 19,410 9,219 10,923 
5 mg 24 hours 8,280 12,727 9,897 7,837 18,415 13,947 9,285 
5 mg 10 days 7,826 4,780 7,078 7,230 17,415 13,947 9,208 
5 mg 15 days 6,693 4,807 5,200 6,050 15,725 12,325 8,351 

1 mg 1 hour 4,707 14,051 6,330 4,252 17,750 15,572 9,304 
1 mg 24 hours 5,783 19,669 10,320 5,660 18,177 15,288 12,712 
l mg 10 days 4,729 8,250 5,236 4,000 13,502 10,876 7,625 
1 mg 15 days 6,350 3,652 7,500 6,000 15,250 9,523 10,107 

* Each value represent the mean of triplicate determinations 

e 
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TABlE xxv 

THE IN VITRO RESPONSE TC PRO'IEIN ANTIœNS OF BONE MARROW CELLS OBWNED FROM 

RABBITS AT VARYING TIMES FOLLOWING THE INTRAVENOUS ADMINISTRATION OF BGG 

Amount of Time of Uptake of tri tiated ~e by the bone marrow 
Antigen sacrifice cells during 1n9Ubation with thef'ollowing 
Injec't.ed follow1ng antigens forthree days (counts par minuta)* 

(BGG) administration 
of the antigen Control EGG BGG BOO KLH liSA BS! 

25 mg 10 mg 1 mg 1 mg 25 mg 25 mg 

25 mg 15 mins 36,005 83,800 66,300 29,995 108,682 86,105 97,449 

25 mg 4 hours 42,942 54,300 46,850 51,145 100,866 128,100 138,601 

25 mg 24 hours 43,465 32,040 30,764 27,378 148,040 129,515 115,995 

25 mg 2 days 44,352 18,300 32,608 36,709 129,287 72,256 68,876 

25 mg 5 days 46,260 39,576 33,800 41,596 1ll.,174 103,290 69,600 

25 mg 10 days 28,680 20,595 27,630 13,957 48,306 64,490 78,259 

* Each value represents the mean of triplicata determinations 

~ 
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TABIEXXVI 

r 

THE IN VITRO RESPONSE ro PRO'lEIN AN'llGENS OF roNE MARROW CEW OBTAINED FROM 

RABBITS AT VARYING TnES FOLLOWING THE INTRAVENOUS ADMINISTRA'llON OF KLH 

Amount of 
Antigen 
Injected 

(KLH) 

10 mg 

10 mg 

10 mg 

2 mg 

2 mg 

2 mg 

Time of Uptake of tritiated ~dine by the bone ma1TOW 

sacrifice cells during incubation wi th the following 
following antigens for five deys (counts par minute). 

administration 
of the antigen Control KLH KLH HSA BSA BGG 

2 mg 1 mg 25 mg 25 mg 25 mg 

1 hour 

4 hours 

24 hours 

1 hour 

4 hours 

2).j. hours 

9,325 

11,250 

8,SOO 

6,528 

5,650 

6,soo 

20,708 23,200 24,607 28,529 14,000 

7,SOO 9,7SO 30,746 39,000 15,900 

6,775 8,320 19,860 33,258 13,590 

18,256 21,900 17,308 22,878 10,SOO 

4,3SO 4,520 40,240 14,848 9,875 

4,275 5,600 15,775 18,229 9,408 

• Each value represents the Mean of triplicate determinations 

• 
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EXPERIMENT VI-B 

THE IN VITRO RESPONSE TO PROTEIN ANTIGENS OF OONE MARROW 

LlMPH NODE AND SPLEEN CELLS OBTAINEO 

FROM RABBITS MADE TOLERANT TO HSA 

Procedure 

148 

Neonatal rabbits vere injected intraperitoneaJ.ly' 

on dqs three 8l'ld six of age with 100 mg HSA. They were left 

Ulldisturbed vith their uninjected littermates untll 10 veeks of 

age. Their state of immunologie tolerance to HSA vas checked as 

described in Chapter 3.8. A group or littermates (Two "tolerant" 

and one uninjected) vere sacrif1ced and their bone marrew, lymph 

nodes (popl1teal) 8l'ld spleen vere excised. Cultures vere set up 

vith the lymph node fragments to study their capacity to syntbesize 

antibody in vitro (see Chapter 3.9). 

CeU suspensions or the bone marrow, ls'mPh node and 

spleen of these same rabbits were prepared and cultured in the 

presence of BSA and other antigens for three dqs. At the con

clusion or the culture the incorporation of tritiated thymidine was 

detemined as d.escribed previ.ously (see Chapters 3.10 and 3.U). 

Results 

The 1ymph node fragments failed to s.ynthesize and/or 

release enough antibody which could be detected b;y the tanned ceU 

hemagg1utination technique (see Chapter :3.15). 



None ot the rabbits Which had been injected vith 

the antigen (HSA) on dqs three and. six ot age produced any anti

body upon rein je ct ion vith the antigen at 10 weeks of age. On the 

other hand,littermates which had not been exposed to the antigen 

in the imIIlediate neonatal period responded vith antibody fomation 

(hemagg1utination titers ot 640 - 5, 120) tollowing adm1n1 stration 

of the antigen at 10 weeks of age. One m81' theretore &SSUIIle that 

~s regime of antigen administration in the neonata1 period did 

indeed induce a state of immuno1ogical to1erance. 

The lymph node and spleen cell suspensions did Dot 

respond to the immunising antigen. The bone Dl&rrOW cells also 

tall.ed to respond to HSA but they responded markedly to BGG ar.d. 

KLH (Table XXVII). 

The response of the "to1erant" bone marrow cells to 

BSA was foUDi to he somewhat depressed as compared to the response 

obtained. with the normal bone DlarroW cells. The result can be 

attributed to the cross-reactivity exhibited by HSA and BSA. 

The 1ymph node and spleen cells of normal 1itter

mates fa11ed to respond to HSA in vitro. However, the bone JIl&rrOW 

cells trom these animals responded to al.l the antigens used in the 

in vitro culture. 

The entire exper:hnent was repeated with the frag

ments and cells of 2 to1erant and 2 control rabbits with essen

tially s:hnilar results. 
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TABlE XXVII 

THE IN VITRO RESPONBe: TO PROmIN ANTIGENS OF BONE MARRQW, 

LYMPH NODE AND SPIEEN CELLS OBTAINED FROM RABBITS MADE 

TOIERANT TO HSA 

Cell suspensions Antigen Uptake of tri tiated thymidine by 
prepared !rom incubated the bone marrow cells during 
fo11owing organs wi'th ceil incubation wi th antigens for 

suspensions tbree day-s (counts per minute)* 

A. Tolerant B. Tolerant C. Normal. 
Rabbit Rabbit Rabbit 

Bone marrow Control ,58,415 52,000 43,910 

Bone marrow HSA 50 mg 39,873 .51,200 89,185 

Bone marrow HSA 25 mg 50,825 46,028 120,748 

Bone niarrow HSA 10 mg 55,275 49,440 101,455 

Bone marrow HSA 1 mg 57,321 42,015 41,270 

Bone marrow KI1I 1 mg 104,830 120,575 129,900 

Bone marrow BSA 25 mg 70,080 59,175 87,300 

Bone marrow BSA 10 mg 70,000 53,475 80,590 

Bone marrow BGG 25 mg 80,840 89,948 ,58,780 

Lymph node Control 2,148 1,366 657 

Lymph node HSA 25 mg 1,357 1, 052 .540 

Lymph node HSA 10 mg 1,704 1, 035 335 

Lymph node HSA 1 mg 1,311 1,311 515 

Spleen Control 1,755 1,235 1,39.8 

Spleen HSA 25 mg 1,481 1,140 1,048 

Spleen HSA 10 mg 1,359 849 1,125 

Spleen HSA 1 mg 1,146 1,215 942 

* Each value represents the mean of triplicate determinations 
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EXPERIMENT VI-C 

EFFECT OF 6-MERcAPrOPumœ (6-HP) ON THE RESPONSE TO ANUGENS 

OF BeNE M:ARRON CELLS Ol N01lMAL RABBI~ 

AND OF LlMPH NOlE AND SPLEEN CELLS FR<H PREyIOOSLY mmNIZED RA§.8IT S 

Prooedure 

Normal rab bit bone marrow oells were oollected and 

oultured (Bee Chapter 3.10) in the presenoe of a lmown 111111111D0suppres

ant, 6 Mercaptopurine (6-MP), and/or with prote1n antigens for :rive 

days in vitro. 

The 1,mph node and spleen oells vere obtained trom 

rabbits previously immunized with HSA and cultured in vitro in the 

presenoe of 6-MP and/or HSA for five days. The uptake of tritiated 

thymidine was determined as desoribed previously (See Chapters 3.10 

and 3.ll). 

Resul,ts 

As oan he seen in Table XXVIII neither 100 ug nor 

1,000 ug of ~ had any deteotable effect on the reactivity of 

ei ther normal bone marrow oells or. lymph node and spleen oells ob

tained !rom previously i.mm1mized rabbits oultured in the absence of 

&DY antigen. A marked suppression of inoorporation of tritiated 

thymidine, in oomparison to oontrol oultures, was observed when 

the normal rabbit bone marrow oells and lymphoid oelJ.s trom a pre

viously immunized animal. were inoubated in the presenoe of the anti

gen and 6-MP. 
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Immune sute 
01' donor 
rabbit 

Hyperimmunized 
(HSA) 

Hyperimmunized 
(HSA) 

Normal, 
non-innnune 

'1'ABIE XXVIII 

EF'FECT OF 6 - MERCAPWPURINE (6..MP) ON THE RESPONSE TO ANTIŒN (S) OF 

ORGAN CELL SUSPENSIONS OBTAINED FROM HYH:RIMMUNI2ED AND NORMAL RABBITS 

• 

Cells of Incorporation of radioactive thymidine by cell suspensions incubated with the 
following for five days (counts per minute)* organ 

tested 

Control 6MP 6MP HSA HSA + 6MP ESA + 6MP 
(lOOoug) (lOOUg) (lOOOug) (lOOug) 

Lymph node 5,390 5,720 5,853 18,218 3,520 . 7,923 

Spleen 9,657 8,738 10,270 23,702 8,360 10,762 

Bone marrow 10,005 10,076 10,801 NeD. NeD. NeD. 

* Each value represents the mean of triplicata determinations 

"'* • eD. - Not done 

IŒJl KLH + 6MP 
(1000ug) 

NeD.** NeD. 

NeD. NeD. 

37,463 14,~ 

KLH + 6MP 
(100ug) 

NeD. 

NeD. 

22,415 

1-' 
\n 
N 
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EXPERlMENT VII 

THE RELATION OF THE ANTIGEN INDUCED BLASTOGENIC RESPONSE 

OF NORMAL BONE MARROW LIMPHOm CELIS TO ANTIBJDY FORMA'l'ION IN VITRO 

EXPERlMENT VII-A 

DETECTION OF ANTIBODY WITHIN BONE HARROW LIMPHOm CELLS 

BY TEE FLUORESCENT ANTIB>DY TECHNIQUE 

Procedure 

Bone marrow cells were obtained froID nomal uninjected 

rabbits and cell culture experiments set up as described in Chapter 

3.10. The antigen (HSA), in a concentration o~ 25 mg per tube, vas 

incubated vith the cells for the duration of the culture. The tubes 

vere then spun at 600 rpm. ~or 8-10 minutes, the supematants lIere 

decanted,the cells resuspended in Hank's BSS and centrifUged again 

at 600 rpm for 8-10 minutes. The cells were vashed tlfO more till1es 

in Hank's BSS. The cells were finally resuspended in a small vol

ume of Hank's BSS (0.2 ml) and smeared onto pre-cleaned glass sl1des, 

which vere then air dried, f'ixed vith absolute ethanol at 4°C for 

2-3 minutes and stored in Coplin jars at 4°C. The fluorescent anti

body staining teclmique (parlly described in Chapter 3.14) consisted 

of overlaying the :r1xed slides vith 0.3 ml of each of the:fl.uorescein 

isothiocyanate conjugated antigens (HSA-FITC, BGG-FITC and KLH-FITC) 

for 30 minutes. For the "sandwich" technique, the slides 'TIere first 

incubated with HSA or BGG or KLH, (ea.ch made up ta 50 mg per ml in 
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buf'fered. saline) for 30 minutes followed b.r a 30 lIIinute wash with 

burfered saline (pH 7.2) and incubation vith anti-HS.A.-FITC or anti

BGG-FITC. The f'luorescein conjugate was 1eft undisturbed on the 

slide for 30 minutes af'ter which the slid.es were wasbed vith buf'

ferad. saline for 30 minutes. The slides vere then coverslipped 

and examined under a fluorescence microscope as described in 

Chapter 3.14. 

Results 

As can be seen in Table XXIX-A, f'luorescence was 

only observed when the HS.A.-incubated bone marrow cells were stained 

with HS.A.-FITC. BGG-FITC and KLH-FITC produced no fluorescence. 

Furthermore, anti-HSA-FITC and. anti-BGG-FITC were also unab1e to 

stain the cells on the slide. Wben the "sandwich" technique was 

employed (incubation of the slide with unconjugated antigen followed 

by' incubation with conjugated antiserum) only the HSA ard ant1-

HS.A.-FITC combination produced fluorescence, which vas quite marked 

(Figure 6). 
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TABLE XXIX - A 

DETECTION OF SPECIFIC ANTIBODI (ANTI-HSA) IN ANTIGEN (HSl) - STIMULATED NOmw, RABmT 

EœE MARR<1tl CELLS BI THE F1.UORESCENT ANTIBODI TECHNIQUE 

Fluorescein isothiocyanate (FITC) 
conjugated protein incubated with 
bone marrow smurs 

HSA - FITC 

BiG - FITC 

KLH - FITC 

Anti-HSA - FITC 

Anti-OOG - FITC 

HSA, iollowed by Anti-HSA - FITC 

HSA, iollowed by Anti-mG - FITC 

Detection oi tluoreacence 

++ to +++ 

No tluorescence 

No fluorescence 

No tluoresc8nce 

No fluorescence 

+t++ 

No f'luorescenoe 

• 

~ 



-,F.I:GURE 6 SPECIF.I:C FLUORESCENCE OBSERVED SUBSEQUENT TO INCUBATION 
OF NORMAL BONE MARRCli CELLS WITH HSA FOR F.rVE DAYS AT yr>C 
AND STAINED WITR RSA FOI.I,(MED BY ANTI-RSA-F.I:TC. 
63<) X MAGNIF.I:CATION 
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FIGURE 6 SPECIFIC TIXORESCENCE OBSSRVED SUPSEQUENT TO INCUBATION 
OF HOREAL 3Œ3 EARRO.-l CELLS -dITE ESA FOR FIVE DAYS AT 37°C 
A..1IlD STAIlSD \'JIT~ HSA FOLLOHED 3Y ANTI-HSA-FITC. 

-- 630 x HAG1:IFICATION 

156 
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EXPERlMENT VII-B 

DETECTION OF ANTIBODY SYNTHESlZED BI THE ANTIGEN-STIMULATED 

BONS MARROW CELLS BI THE OO-PBECIPITATION TECHNIQUE 

Procedure 

The procedure fol101l8d. 1s that described in 

Chapter 3.16. 

Results 

As can be seen in Table X'XIX-B, there 1s a sugges

tion that specifie antibody was indeed synthesized by the bone 

marrow cells. Ne1ther the supernatants nor sonicates of control 

suspensions nor supernatants of antigen-incubated suspensions 

appeared to contain antibody sinee the radioacti vit y detected in 

the precipitates brought down with RB.! and anti-BSA was about equal 

to that brought down with BOO and. anti-BGG. 

On the other haM, the sonicates of no:rmal bone 

marrow cells incubated with HSA yie1d.ed more precipitab1e radio

activity upon the addition of HSA and. anti-HSA than that obta1.ned 

following the addition of BGG and anU-mG. 

It can also be seen in Table XXIX-B that the cells 

incubated with USA incorporated approximately twice the amount of 

Tyrosine_c14 as d.1d. bone lIl&rrow cells incubated in the absence of 

HSA. 

This experment vas repeated a second time with 

essent1al.ly s'1milar results. 



e 

TABLE ID! - B 

ANTIBODI FOHMATIœ BI NOlIUL BœE MARRQi CELLS DJR[NG INCUBA1'Iœ WITB 

Jt(JHAN SEmJM ALBUMIN AND ~4 FOR FIVB DlIS 

qells incubated PNparation 
with the tollowing analyzed 

Control - no antigen Cel1 supgrnatant 
(~ x 10 oeUa) 

Cell ~oate 
(~ x 10 oella) 

Total or: maas 
(4 x 10 oella) 

HSA - 25 mg, tor initial Cell aupgrnatant 
48 heurs ot oultUl'e (~ x 10 oella) 

Cell a~oate 
(~ x 10 oells) 

Total otll. mass 
(4 x 100 oella) 

Mat.rial added 
to preparation 

HSA + anti-HSA 
BOO + anti-BOO 

HSA + anti-HSA 
BOO + anti-MG 

Bil 

HSA + anti-HSA 
BOG + anti-BGG 

HSl + ant1-HSA. 
BOO + anti-BOG 

Nil 

·Radioaotivity deteated in 
illamne preo1pitate 
(oounta par lllinute) 

6'2 
620 

1,208 
1,000 

20,000 

1,020 
1,175 

',506 
2,005 

39,800 

e 

~ 



EXPERIMENT VIII 

RESPONSlVENESS TC ANTIGENS OF THE LIMPHOCYTE-RICH 

FRACTION OF NORMAL RABBI! BONE HARROW CELlaS 

Procedure 

1.59 

Bone marrow cells were obtained .:f'rom n01'!llal rabbits 

and a suspension prepared as described in Chapter 3.10. The marrow 

cells were la:yered onto the surface of the linear sucrose gradients 

prepared in plastic tubes. The tubes were centrifuged for 3 min

utes at 100 x g, foliowing vhich each tube vas punctured (Figure 2) 

and. the two fractions (Fractions l and n) vere co11ected (see Chap

ter 3.12). The celi fractions were washed twice with Med-P5-NRS 

and resuspended in this medi'Ulll.. The response of the whole bone 

marrow celi suspension, Fraction l and Fraction II to antigens vas 

determined us1ng the celi culture technique as described previously 

(see Chapters 3.10 and 3.11). 

For radio autographie analysis, the celi suspensions 

at the termination of culture vere smeared onto gelat1n-coated 

glass slides vhich vere then air dried, coated with the photographie 

emul.sion, stored at 4°C and developed and stained in the manner 

described in Chapter 3.13. 

Results 

Two fractions of bons marrow cells vere coliected 

follow1ng centrifugation in the sucrose density gradient, Fractions 
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l and II (See Figure 2). Fraat.1on l consisted 01 cella suspended. 

in a 3 ml. zone in the upper third of the gradient whereas Fraction 

II consistee! of cells which bad sed1mented into the lover third 

of the gradient during the ce:ntritngation. 

The cell content of the whole bone ma.rrov suspen

sion, Fraction l and Fraction II are illustrated in F.1.gurea 7, 

8 and 9 respecti vely. Sixt Y to 8ighty par cent of the nueleatee! 

cells in Fraction l vere l,mphoid cells of various sises, the 

remaintler being mainl.y late erythroblasts, mature granulocytes 

and bJ.ast-like cella. Mature erythrocytes vere alao present 

in large n\DI.bers (figure 8). Q1 the other band, Fraction II vas 

composed. mai n1 y of mature granulocytes, granulocyte prec1lraors, 

erythrobla&ts, undifferentiated blast-like cells aM a fflV' mono

cytoid cells and macrophage-like cells. Few mature lymphocytes 

vere seen (Figure 9). 

As can be seen in Table XIX, after 5 da.ys of incu-

bation wi th antigen, the uptake of tri tiated thymidine by the 

whole bone marrow vas :3-4 times as great as that obtained in the 
" 

absence of antigen (RS.! and KLH).' The uptake of tritiated thy

midine by Fraction l cells in the presence of antigen e:xceeded 

that of whole bone marrow whereas the incorporation of tbyDddi ne 

by traction II cells was cons1derably less than that of whole 

bone marrow.' If the resuJ.ts are presented in terms of specifie 

~dine incorporation (the ratio of thymidine incorporated. in 

the presence of antigen to that incorporated in the absence of 
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antigen), the values are 3-4 for who1e bone marrow, 11-20 for 

Fraction l and only 1.5-2 for Fraction II (Table XXX). 

Whole bone marrow cell suspensions incubated for 

three hours in 15 per cent sucrose inoorporated radioacti va thir-, 

midine to the same degree as bone marrow cells not exposed to 

sucrose prior to incubation vith the antigen in SIlcrose-free med.

ium for fi va days. 

By radioautographic analysis, the majority of the 

1abelled cells following incubation with antigen were distinguished 

as blasts or b1ast-like cells (Figure 10). The other labelled cells 

consisted of granulocyte precursors, erythroblasts and a small 

number of mature granulocytes and macrophage-like cells. There 

appeared to be a direct correlation between the uptake of tritiated 

thymidine by the cell suspensions as determined by scintiallation 

counting and the number of labelled blast cells seen in radio

autographs. Control specimens contained few labelled cells, the 

majority of which were immature ~loid and erythroid cells. The se 

cell suspensions &lso incorporated very litt1e radioactive ~idine. 

The entire experiment was repeated three t:lmes with 

similar results. 
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TABlE xxx 

THE RESPONSE OF WHOIE NORMAL RABBIT OONE MARROW AND BONE MARROW FRACTIONS 

TO PRO'JEIN ANTIŒNS INCUBA'JED n~ VITRO FOR FIVE DAYS 

e 

Uptaka of tri tiated thymidine by the celi suspensions 
(counts par minute)* 

Antigen added 

Whole bone marrow 
A B C 

Control - no antigen 3,555 6,4.51 4,620 

HSA - 25 mg 9,285 12,490 12,050 

KLH - 1 mg 12,650 18,755 15,650 

A 

1,000 

Fraction l 
B 

241 

c 

550 

11,890 10,480 10,800 

20,605 23,060 18,420 

* Each value represents the mean of triplicate determinations 

A 
Fraction n 

B 

2,000 3,400 

4,205 5,224 

3,666 8,575 

c 

2,800 

4,0:n 

4,600 

.... 
0\ 
1\) 



FIGURE 7 lJNliRACTIœATED NORMAL RABBIT BONE MARRCW. 
400 X M.A.GNIFICATIŒ 
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FIGURE 7 UNFRACTIONATEj) NORMAL RABBIT PONE MARRON. 
400 X. NAGNIFICATION 



" FIGURE 8 RABBIT BœE MARRai - FRACTION l 
400 X MAGNIFICATION 



FIGURE 8 RAEBIT BONE MARRai - FRACTION l 
400 X MAGNIFICATION 
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.FIGURE 9 RABmT BœE HARROI - FRACTION II 
400 X MAGNIFICATIŒ 

165 



" \ 

• as. ~.!. . 

FIGURE 9 RABm:T BONE MARROtl - FRACTION II 
400 X l1AGNIFICATION 
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FIGURE 10 RADIOA.UTOORAPH OF WHCILE BœE HA.RRQol CELLS INCUBlTED 
WITH USA. FOR FIVE DA.YS A.T 37°0. 
400 X MAGNIFICATIŒ 
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FIGURE 10 RADIOAUTOORAPH OF WHOLE BONE MARRON CELLS INCUBATED 
WITH HSA FOR FIVE DAYS AT :37°C. 
400 X MAGNIFICATION 
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THE RESPONSE· OF NORMAL RABBIT LIMPlJ)ID CELL SUSPENSIONS 

TC PHYTOmuGGLUTININ IN VITRO 

Procedure 

lfrl 

Rabbits were bled f'l'ODl the haart vith a heparin

ized sterile syringe in order to obtain"'peripheral. white cells, 

f'ollowing which they were sacri:f'iced and the various lymphoid 

organs removed (bone marrow, popllteaJ. lymph nodes, spleen, 

tb;vmus, appeDdix and. aacculus rotundus). The ceU suspensions 

were prepared, 0.25 ml of' PH! solutions of varying concentrations 

was added either at the commencement of culture or tbree days 

prior to the temination of culture (less f'or tubes removed 

af'ter only one or two days in culture) and the incorporation of 

tri tiated tb;ymi.dine by the ceU suspensions was determined. in 

the manner described previously (see Chapt ers 3.10 and. 3.11). 

Results 

As can be seen in Tables XXXI 'bo.XXXVII the res

ponse to PH! of the lympboid cells obtained f1"Cll1 the various organs 

varied markedly according to a number of criteria: the time of' 

maximum stimulation, the time for maximum specifie incorporation 

of tritiated t~e, the magnitude of response, the duration 

of responsiveness and the optimal concentration of PHA. Table 
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XXXVIII and Figure 11 SUIIIIIIar1ser; these resa1ts in a marmr.' which 

pe1"llli ta rapid comparison of the responses to PBA. ot the diUereilt 

popalationa of 1ymphoid ce1ls.~ 



TABIE XXXI 

j3LASTOGENIC TRANSFORMATION OF NORMAL RABBIT LYMPH NODE 

Conc. of 
PlIA added 
(0.25 mi) 

Control 

1:5 

1:10 

1:20 

1:40 

1:80 

1:160 

1:320 

1:640 

1:1280 

CELLS BY PHYTOlEMAGüLUTININ (PHA) IN VITRO 

Uptalœ of tritiated ~ by normal. rabbit 
~h node ce11s 'illCubated wi th PlIA for the 
fo11owing pariods of time. (counts par minute). 

1 da.y 2 d~s 3 d~s 5 ~s 7 ~s 10 cia.ys 

5,600 1,100 450 371 113 98 

16,000 103,200 59,850 14,200 13,134 280 

15,600 76,600 38,750 9,800 3,527 175 

14,000 65~200 27,450 NeD.** NeD • NeD. 

12,500 .56,650 1.5,150 NeD. N.D. N.D. 

10~600 4.5,400 5,8.50 NeD. N.D. N.D. 

9~200 25~650 1~700 NeD. N.D. N.D. 

9,050 10,000 1,200 NeD. N.D. N.D. 

6,000 3;000 725 426 200 N.D. 

4,800 1,500 675 NeD. N.D. N.D. 

* Each value represents the mean of triplicate determinations 

** l'ID = Not done 
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TABIEXIXII 

BLASTOGENIC TRANSFORMATION OF NORMAL RABBIT SPlEEN 

CELLS BI PHYTOHBMAGGLUTININ (PRA) IN VITRO 

Conc. of 
PRA added 
(0.25 ml) 

Control 

1:5 

1:10 

1:20 

1:40 

1:80 

1:160 

1::.)20 

1:640 

1:1280 

Uptake of trl.tiated tbymid:ine by norrna1 rabbit 
spJAen ce11s incubated wi th PHA for the 
following periods of time. (counts perminute)* 

lday 2 days 3 days 5 days 7 days 10 days 

3,SOO 2,800 2,580 1,SOO 1,200 441 

3,900 115,100 80,450 46,700 N.D.** N.D. 

4,800 120,500 87,800 44,700 2,500 860 

5,600 134,100 109,000 55,000 2,250 1,250 

5,700 130,700 ll7,000 53,400 N.D. N.D. 

6,lSO 77,000 49,600 24,200 N.D. N.D. 

3,000 19,000 14,500 7,500 NeD. N.D. 

2,120 5,000 3,700 2,000 1,SOO 663 

. .... 
1,200 2,060 2,580 NeD. N.D. N.D. 

598 950 2,000 NeD. NeD. N.D. 

* Each value represents the mean of triplicate determinations 

** ND = Not done 
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'TABlE XXXIII 

m.ASTOGENIC TRANSFORMATION OF NORMAL RABBIT THYMUS CELLS 
BY PHYTOBEMAGGLUTININ (PHA) IN VITRO 

Conc. of' Uptalœ of' tritiated ~ by normal rabbit 
PH! added ~ cells incubated wi'th PH! f'or the follow:ing 
(0.25 ml) periods of' tilDe. (counts par minute). 

1day 2 days 3 days 5 clays 7 days 10 clays 

Control 32,950 9,150 1,400 168 :127 110 

1:5 40,500 :12,850 5,150 190 98 123 

1:10 39,800 13,'700 6,050 215 106 175 

1:20 43,150 18,750 5,300 NeD.** NeD. NeD. 

1:40 44,700 19,000 6,500 NeD. NeD. NeD. 

1:80 47,800 19,700 4,400 NeD. NeD. NeD. 

1:160 40,450 ,15,900 4,100 NeD. NeD. NeD. 

1:320 37,700 :12,:121 3,900 225 '140 NeD. 

1:640 32,350 16,100 2,850 NeD. NeD. NeD. 

1::1280 30,900 10,000 2,250 NeD. NeD. NeD. 

* Each value represents the Mean of' triplicate determinations 

** NeD. = Not Done 
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TABlE XXXIV 

BL.ASTOŒNIC TRANSFORMATION OF NORMAL RABBIT APPENDIX 

CELLS BI PHYTOBEMAGGLUTININ (PlIA) IN VITRO 

, 
Conc. Qf 

PHA9.dded 
(0.25 ml) 

Control 

1:10 

1:20 

1:40 

1:80 

1:160 

Uptalœ of tritiated ~ by normal 
rabbi t appandix cells incubated wi th PlIA 

for the following periods of t1me. 
(counts par minute)* 

lday 2 days 3 days 5 days 7 days 

18,000 3~500 1.,950 275 625 

20,400 17,500 9,100 1,000 

18,1.50 15,000 660 

17,500 12,250 6,250 1,200 390 

17,400 7,700 4,300 484 95 

1.7,000 8,01.0 3,180 550 J20 

* Each vaJ.ue represents the mean of triplicata determinations 

172 



;fAmEXXXV 

~TOCENlC TRANSFORMATION OF NORMAL RABBIT SACCULUS 

ROTUl)1DUS CELLS BY PHYTOBEMAGGLUTININ (PliA) IN VITRO 

Conc. of' 
PRA added 
(0.25 ml.) 

Uptalœ of' tritiated thymidine by normal 
rabbit sacculus retulldus cells incubated 
wi th PRA. f'or the f'ollowing ~riods of' 
time. (counts per mimlte)* 

1day 2 days 3 days 5 days 7 days 

Control 10,200 1;500 375 150 46 

1:10 14,300 16,175 14,224 1,895 28 

1:20 10,500 8,781 5,71l. 175 

1:40 300 42 

1:80 7,629 4,686 1,375 150 36 

1:160 156 50 

* Each vaJ.ue represents the Mean of triplicate determinations 
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'TABIE XXXVI 

BLASTOŒNIC TRANSFORMATION OF NORMAL RABBIT rom HARRCM 

CELLS BI PHYTOŒMAGGLUTININ (PRA) IN VI1lW 

Conc. of 
PHA added 
(0.25 ml) 

Upta.ke of tritiated 1:.hymidjn e by nomaJ. rab bit 
bone marrow ce11s incubated wi th PRA for the 
fo11~g periods of tme. (C01Dlts par minute)* 

174 

1 day 2 days 3 d~s 5 days 7 daYs 10 ~s 

Control 127,650 99,100 32,050 2,500 1,210 1,ll2 

1:5 116,950 121,750 78,600 30,000 8,100 NeD.** 

1:10 127,400 110,600 123,400 29,1.54 5,700 1,197 

1:20 124,100 126,500 84,450 16,300 4,600 1,204 

1:40 ll8,350 122,100 67,100 7,400 2,9.50 NeD. 

1:80 116,150 108,300 51,000 4,919 2,428 NeD. 

1:160 114,950 115,450 44,200 4,030 2,500 1,288 

1:320 122,700 10,800 40,600 2,836 2,5.50 NeD. 

1:640 117,400 104,850 39,350 2,200 1,672 NeD. 

1:1280 118,100 101,150 30,500 2,400 1,0.50 NeD. 

* Each value represents the mean of triplicate determinations 

** ND = Not done 



TAmE XXXVII 

BLASTOŒNIC '.mANSFORMATION OF NORMAL RABBIT FERIPBE:RAL 
-

IEUKOCY'lES CELlS BI PHYTOEEMAGGLUTININ (PRA) IN VITRO 

Conc. of 
PRA added 
(0.2.5 ml) 

Control 

1:10 

1:20 

1:40 

1:80 

1:160 

Uptalœ of tritiated ~e by normal 
rabbit peripheral. 1eukocy'tes incubated 
with PliA for the following periods of 
time. (counts per minute)* 

1~ 3 dSys .5 days 7 days 

284 300 

1,396 1,400 

n.D .** 1,380 N.D. N.D. 

1,24.5 1,400 380 310 

1,184 . 910 200 29.5 

Jl.D. 714 NeD. N.D. 

* Each value represents the mean of triplicate determinations 

** N.D. = Note done 
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'TABIE XXXVIII 

'SPECIFIC INO)RPORATION* OF TRITIA'lED THYMIDINE BI NORMAL RABBIT HEMOPOIETIC AND 

LYMPHOPOIETIC CELLS INCUBA'lED WITH PHYTOHEMAGGLUTININ (PHA) 

Cells of organ Time for Specifie in- Time for Optimum 
incubated maximum in- corporation maxl.mwr1 PH! con-

corporation at time of specifie in- centration 
of tritiated maximum incor- corporation of 
th;vmidine** por.ation of tritiated 
(days) tri tiated th;ymidine t.bym1d1ne 

(days) 

Bone marrow 3 days 4 5 days 115 

Lymph node 2 days 93 3 days 1:5 

Spleen 2 days 48 2 days 1120 

Thymus lday 1.4 3 days 1140 

Appendix 2 days 5 5 days 1,10 

Sacculus rotundus 2 days 10.7 3 days 1,10 

Peripheral blood 3 days 5.5 3 days 1:10 

e 

Maximum 
specifie in-
corporation 
of tri tiated 
t.bym1d1ne 

12 

133 

48 

4.5 

20 

40 

5.5 

* Specifie incorporation is defined as the ratio of uptake of tritiated ~dine in the presenoe 
of PHA to that talœn up in the absenoe of PHA. 

** Greatestuptake of tritiated thymidine attributable to PHA stimulation (oontrol counts subtraoted). 

1-' 
~ 
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CHAPTER 5 

mscussrON 

The role which the various cell.s comprising the 

lymphopoietic system p1ay in the induction and. maintenance of 

the immune response has been, and still is, both an enigma. and 

a puzz1ement to immunologists. Undoubtedly, a major deterrent 

towards any detai1ed and. protracted study of the role of the 

dif'ferent lymphoid organs in the iDmD.me response:. has been the 

dearth of dependab1.e in vitro systems. required for sueh an in

vestigation. Although the technique of fragment culture has 

been successtully employed since the early 1950's b,y a large 

body of investigators who have thus demonstrated the eapacity 

of organ fragments to synthesize antibody in vitro, the enent 

of manipulation of the tissue is iIin1mal and it is essentially 

a static system. More recenUy, it has been demonstrated that 

lymphoid cells can be maintained in a very viable state in the 

form of a suspension in culture and that their metabolic ac

tivities are unimpaired in spite of the 10ss of architectura1 

organization. In compar:1.ng and. contrasting the three systems 

avai1able for study - the in vivo system, fragment culture and 

cell culture - it becomes obvious that each offers advantages 

and shortcomings to tlte investigator in terms of def'ining the 
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inter-re1ationship of the cells-under study. The in vivo 

system is, of course, the MOst normal of the three and must 

provide the basel1ne in the definition of the antigenicityof 

a foreign mater1al injected into the animal. However, it is 

also the least accessible system and sacr1f'1a1ng the a ni ma] S 

and exam1n1ng the tissues microscopically presents only the 

situation prevalent in the anim.al. just prior to death. Fur

therm.ore, this situation does not permit for an evaluation of 

the role of the cells in the different lymphoid organs in the 

immune response. The fragment culture systems permits the 

maintenance, to a degree, of the origina1 arah1tecture of the 

organ, at least insofar as the env1romnent of the cells within 

the fragment is concernad. O:f course, the blood supply is no 

longer available and oxygen and nutrients must dif'fuse through 

the :fragments in order to become ava1lable to the· cells. This 

system does permit a sampling o:f the tissue under investigation 

179 

at varying intervals o:f time and, theor8tically At, least, would 

permit the establishment of a relationsbip between the form.ation 

and/or release of antibody and the morphological characteristics 

o:f the fragments and. the cells within them.. However, here as 

well, the relationship of cells o:f different organs cannot be 

easily determinad although fragments of the d1:f:ferent organs can 

be cultured together in the same tube. The third technique, the 

cell cu1ture method, allows for the greatest degree o:f f'lex1bility 

and manipu1ation but 1t 1s the most "abnormal" of the three 



situations insotar as the cell envir.cmment is concemed. The 

normal architecture ot the organ 1s completely subverted to 

permit the maXÙDWD manipulation ot the cells. This technique 

permits the study ot cell-cell interactions, especially between 

cells ot ditf'erent organs, and tor rancioll sampl1ng. The pro

literative capac1ty ot the cells cm also be investigated by 

incorporating radioactive thymidine into the cmlture medium 

tollowed by radioautographic analysis ot the cells. One may, 

theretore, conclude that (a) the in vitro system is the MOst 

normal, but also the MOst rigid system, (b) that the cell 

cmlture technique provides tor the greatest number ot degrees 
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ot treedom but imposes the MOst abnormal environmental condi

tions and restrictions upon the cells and (c) that the fragment 

cmlture technique serves as a compromise modal. It 1s obvious 

that the information desired. cannet be gleaned trom any single 

one ot the experimental systems discusseci above but that the 

mq>erimental procedure must involve a1l three in order to conter 

va11d1.ty to results obtained with any one ot them indepemently. 

The signif'icance and mechan1sm. of the blastogenic 

reaction by lymphocytes in vitro has been wall documented in a 

number ot review articles (291, 370, 410, 411) and has been 

discussed in the Hi.storical Review (Chapter 2). On the basis ot 

mq>erimental results obtained to date, one may assume tbat the 

reaction 1s an immunologica11y specifie one in that it can only 
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be induced by specific antigen or by hOJllOlogous or genetically

dissimi1ar isologous lymphocytes. It cannot he induced by the 

incubation of lymphocytes fram genetically identica1, IlOna

zygot:1c twins. In the present study, the cel1 cul.ture technique 

vas utilized along vi th the fragment cml.ture method in the 

initia1 experiments in order to estab1.ish, in our haJds, the 

iDmmne nature of the blastogenic reaction obtained vith the 

cel1 cultures. It vas observed that spleen and l.ymph node cells 

prepared from the organs o:f rabbi ts immunized 5 - 7 IlOnths pre

viouslyand cultured in the presence of the specific antigen 

vere stimu1ated to undergo blastogenesis and mitosis and to 

incorporate radioactive thymidine to a degree 10-20 t1mes that 

obtained wlth control preparations. Furthermore, on1y 1ymph 

node and spléen cells of previously imnnmized rabbits vere 

capable of' responding in this manner in vitro, and the lymph 

node ceil response could be corre1ated vith the antibody response 

obtained wlth the fragment cultures of the same lymph node. 

These initial experiments demonstrated that a direct relationship 

exists between antibody formation and blastogenesis. It vas 

also obsel"Ved that bone marrow cells obtained f'rom a previously 

immunized rabbit, un11ke lymph node and spleen cells, faUed to 

respond with blastogenesis and thymidine incorporation in vitro 

upon axposure to the specific immunizing antigen, but did respond 

marked1y to other antigens to which the rabbit had not been 
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previous1.y exposed. FUrther investigations vere carrled out 

vith cells of normal, uninjected rabbits. Normal bone marrow 

cells vere observed to undergo blastogenes1s and mitos1s when 

incubated vith a large variety of protein antigens, a bacteria1 

antigen, and sheep redblood cells, 81though the magnitude of 

the response was somewha.t dif'ferent vith respect to the dif

ferent an~ens. None of the cell cu1tures prepared fram. the 

other lymphoid organs of the normal rabbit-spleen, lymph node, 

thymus, saccu1us rotundus and appendix-reacted to &DY of the 

antigens in vitro. The normal bone marrow cells vere 8180 

shown to be capable of synthesizing spec1fic antibody in vitro. 

These results strongly suggested that the normal bone marrow 

response to antigen in vitro is an immune response or the 

ini ti81 cellular event during the induction of the immone 

response. It should be noted that, as m:ight be anticipated, 

the bons marrow cells failed to respond in the presence of 

oommercially-available rab bit serum aJ.bumin. This finding, 

ooup1ed w.1.th the failure of bone marrow oells from previ'Clllsly 

immunized r~bbitsto respond to the speoific antigens in vitro, 

preol.udes the possibility of attributing the response of normal 

rab bit bone marrow oells to a mitogenioally active chemioal 

contaminant in the antigen preparation. The high ooncentration 

of antigen required to induoe the normal. bone marrow blastogenio 

response upon initial exposure to antigen (10-25 mg) oompared to 

that required to ini tiate the response in lymph node and spleen 
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cells of previously iJDmUnized rabbits (1 mg), may be correlated 

to the much larger amount of antigen required to ini tiate a 

primary, as oompared to a seoondary, immune response in vivo 

(150) • Further evidenoe in favour of the immunologie nature 

of the bone ma.rrow response emerged. from the experiments in 

which rabbits vere injeoted with a protein antigen (HSA. or BGG 

or KLH),' saorifioed at various times thereafter, and had their 

bone marrow cells cultured in the presence of the antigen which 

had been injected. in vivo as wall as with other non-cross

reacting antigens. In each oase, the bone marrow cells lost 

their capacity to respond,within one hour to several days, to 

the antigen wi th which the marrow donor animal had been injected 

whereas the response to the other, non-oross reacting antigens 

was marked and uniform throughout the duration of the expariment. 

The speoifio failure of the bone marrow cells to respond to the 

immunizing antigen in vitro was still manifest even after 5 - 7 

months. The specificity of the bone marrow response vas :rurther 

enhanced by the fact that bone marrow cells from tolerant rabbits 

did not respond to the tolerance-inducing antigen, whereas they 

did to the other antigens. That a truc state of immunologie 

tolerance was achieved in the rabbits is in~cated by the fact 

that they did not respond. with antibody formation following 

reinjection of the antigen at 10 weeks of age, whereas control 

littermates responded. vigorously. Furthermore, the lymph node 
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and spleen fragments of the to1erant animals, unlike those of 

immune ani ma1s, did not respond in culture upon exposure to 

the specifie antigen. The immuno1ogic nature of the bone mar

row blastogenic response vas demonstrated. by (a) the detection 

of antibody' within the stimulated. cells using the :tluoreseent 

antibody technique; Cb) the inereased. radioactive content, 

relative to control~, of immune preoipitates formed. with the 

sonieates of the cell cultures, following the addition of 

specifie antiserum and antigen and (c) the extent to which the 

blastogenic reaetion could be inhibited. by 6-mercaptopurine 

(6-MP), a lœown inhibitor of antibody' formation in vivo and. 

which was aIso shawn to inhibit the antibody response of 

immune lymph node fragments in vitro. The same concentrations 

of 6-MP were used. in both the cell culture and fragment culture 

experiments. 

Chapman et al (282) have also reported the 

failure of bone marrow cells of immnni zed rabbits ("immune" 

bone marrow) to respond to the specific antigen in vitro. In 

fact, they reported. that the "immune" bone marrow ceU response 

was somewhat inhibited., relative to controls, by the specifie 

antigen. Sim:Ua.r results were observed. in the exper1ments 

reported. upon here. However, Champman et al (282) did not 

test the reaetivity of the bone marrow cells with respect to 

other, non-cross-reacting antigens in vitro. 
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A fiDdil'Jg which needs to he elaborated upon 1s 

the l.oss of react1vity of the bone marrow celJ.s to the ant1gen 

in vitro within a fev" ;-;.!h'O~ to a ffN }d'à~ following aeDrhO_ 

stration of the antigen in vivo. This l.oss of reactivity 1s 

a specifie one since the marrow cells were still able to respcmd 

optimal.ly to the other non-cross-react1ve antigens. These 

f'indings suggest that potent1ally iDmmnocompetent cells are 

released from the bone marrow following contact with the ant1-

gen and that the bone marrow as a whol.e then hecomes 1mmunol.ogi

cally-tol.erant with respect to this specifie antigen. This 

tol.erance, if net permanent, bas been fcmnd to persist for at 

l.east seven months fQLlowing the intravenous &dm ni stration of 

the antigen. The cells which may he rel.eased !rom the bone 

marrow probabl.ycorrespond to the pot'8ntial antibody-forming 

cell of Mitchell and Miller (447) or to the "effector" cel1 

of Claman et al (52) although the resul.ts definitely demonstrate 

that soma bone marrow cells can actually fom antibody. However, 

it may be that this ant1body is a IIprimordiaJ.-type" antibody 

and is net rel.eased by the celJ. unti1 it undergoes :f'urther 

maturation probably in the thymus, as the resul.ts of Mitchell 

and Miller ~ul.d suggest (447). This interpretation of our ra

sul.ts would also permit for an inexhaustable supply of potentially

immunocompetent cells in the bone marrow, since only a smal1 

number would actuaJ.l.y be released in response to a single 
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. antigen to prolif'erate in and popu1ate the t~s and the 

peripheral lymphoid tissue. The cells lost floom the bone marrow 

could be easily replaced by division of'.other primitive, uncom

mitted cells. The results also iMply that the clonal selection 

theory of' Burnet may indeed be operative at least insofar as the 

bone marrow is concerned Bince the loss of reaértivity of' the bone 

marrow to an antigen is specif'ic to the injected antigen. It is 

interesting to note that a definite relationship vas f'oUlld to ex1.st 

between the quanti ty of' the antigen injected. into the rabbit and 

the time required for the bone marrow cells to 1086 their reactivity 

to the specific antigen in vitro. In retrospect, such a resul.t 

woul.d be anticipated Bince the rate of migration of potentially 

:1Jnmunocompetent cells out of' the marrow would be dependent upon 

the rate of entry of antigen molecules into the marrow wb1.ch, in 

turn, would be a function of the quanti t,. of antigen injected. The 

bone marrow reactiv:l.ty to antigen vas lost irrespective of the mode 

of' injection of' the antigen. The "latent period", that is the period 

of' time which elapsed between the administration of the antigen and 

the loss of reactiv:l.ty of the bone marrow to this antigen, lengthened 

as the amount of antigen injected decreased. Furthermore, the bone 

marrow did not lose responsiveness when the donor animal vas in

jected with a "sub-antigenic" dose of' the antigen (i.e. 100 ug of' 

HSA), thus supporting the supposition that the initial cellular event 

in the immune response in v:l.vo is the release of' potentially 1:ammno-



competent cells. The tate ot these cells, as discussed. later, 

1s still uncertain. However, the r:tndings ot Micklem et al (412) 

that the bone marrow, spleen-_ and thymus ot irradiated. mice vere 

a1l recolonized pred.omina.ntly or exclusively by descendants ot 

injected isogeneic bone marrow cells woul.d suggest that a a1*"ar 

picture might erlst in the rabbit. 
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There can he little doubt, when examin:ing the l1terature 

concerned wi th the cell source ot antibody tormation, ot wh:i.ch the 

reterences cited. represent only a very small sampling (104, 105, 280, 

379, 41:3-428), that the emphasis has been on the role ot the lympho

cyte in the immune response. Certainly, in the tace ot overwhe1ming 

ev:idence, one cannot doubt that the lymphocyte plays a major role 

in conferring immunity, both cellular and. humoral. Although - the 

role ot the thymus gland in ;mmun:ay bas captivated. a large number 

ot investigators as weil (429-433), the bone marrow bas received 

relatively seant attention. Undoubtedly, the comp1ex nature and 

heterogeneity ot the cells comprising the bone marrow has deterred 

many investigators. 

It has been known, tor a number ot years, that the 

injection ot isologous or even hom.ologous bone marrow cells into 

lethally x-irradiated animals can prevent death and many ot the 

symptoms ot radiation illness (434-445). Gengozian et al. (445) 

injected bone marrow and spleen cells ot normal or previous1y 

immunized mice into lethally-irradiated mice. The presensitized, 



but not the normal, bone marrow conf'erred antibody f'orming 

capacity to the recipient mice. In contrast, both normal and 

presensitized spleen cells transplanted into irradiated hosts 

vere able to initiate an immune response to the test antigen. 

Claman et al (.52) injected irradiated mice with syngeneic thymus 

and/or spleen and/or marrow cells. Normal spleen cells produced 

some discrete areas of' antibody production in reoipient spleens, 

whereas mice recei ving both marrow and thymus oells produoed more 

centers of hemolytic-activity in their spleens as oompared to 

those receiving cells of' either type alone, whether :f'rom normal 

or immune isogeneio anima' s. These authors suggested. that one 
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cell population con tains oells oapable of making antibody ~f:teotor 

cells") but only in the presence of the other cell population 

("auxUiary oells"). The data presented did not establish which 

cell suspension, thymus or bone marrow, contains either effector 

or auxiliary cells or how the cells interact. A turther relation

sbip between marrow and thymus cells was demonstrated by Harris 

and Ford (446) who showed that at least soma bone marrow cells 

migrate through the thymus. Thus, it is possible that the immuno

competence of transferred thymus cells trom jmnPlnized donors may 

be due to the presence ot marrow-derived cells within the thymlls 

as has heen suggested by Davies et al (.514). These latter in-
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vestigators (.514) demonstrated that spleen oells oontaining l50ne 

marrow-derived. oells, transferred fl'Olll 1mmun1zed mioe to rec1pient 

X-irrad.1ated host mioe, oould produoe c1rculating antibody and give 

rise to a large number of plaque-form:1ng oells, following antigemo 

challenge in vivo. Thus, bone marrow-derived oells on their own are 

oapabl.e of reacting 1mmunologioally upon re-exposure to the speoifio 

antigen in vivo. Miller and Mitohell (5:3) presented turther evidenoe 

in favour of a bone-marrow-t~s relationship in the induction of anti-
. / 

body formation. They injected thymus oells and sheep red oells into X-

irradiated, syngeneio mioe (pr1mary host). One week later, the pr1mary 

host vas saorifioed and the spleen oells transferred to an :X-irrad.1ated 

syngeneio mouse (seoondary host) whioh also reoeived sheep red. oells and 

syngeneic bone marrow oells obtained from a normal donor. The secondary 

hosts were saorificed at intervals of time and the spleen oells were 

assayed for hemolysin formation to sheep rad cells by the Jerne plaque 

technique (188). A significant hemolysin-forming cell response was ob

tained only if the primary host had been injected with syngeneic thymus 

cells and sheep rad cells. No significant response occurred if bone 

marrow cells were not given to the second irrad.1ated host or if the first 

host had been given bone marrow cells instead of thymus cells. This find-

ing suggested that thymus cells had to first react with antigen before 

interaction w1 th bone marrow cells could produce a sigirl.ficant response. The 

results did not establ.ish whether the interaotion between thymus cells and 

antigen was a specifie one. In a subsequent article, Mitohell and Miller 

(447) elaborated on this latter point in that they demonstrated that the 

thymie lymphocytes transferred to the first host had to first 
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react with the specifie antigen before their interaction with bone 

marrow cells in a second irradiated host could produce a significant 

hem.o~s1.n response. They found that the specifie antigen (sheep red 

cells) had. to be given to the tirst host, which had been irradiated 

and. given t~s cells, in order to obtain a significant response 

fo11owing transfer of their spleen ce11s, iso1ogous ma~w ce11s 

fram. another donor and. sheep red cells to the second irradiated 

host. The administration of a non-cross-reactive antigen, horse 

rad cells, to the first host resulted in a failul'e of its spleen 

cells to confer responsiveness to sheep red cells in the second. host 

fo11owing the transfer of the spleen ce11s and s,yngeneic marrow ce11s. 

Mitchell and M1l1er (447) also injected s.yngeneic or a110geneic 

thymus cells or thoracic duct cells into neonatally tqymectomized 

mice inoculated with sheep eythrocytes, with a resultad; increase in 

the number of hemolysin-forming calls in the spleens of these animals. 

The immediate precursor of the hemo1ysin-forming ce11 was identified 

as a celi originating in the thymectomized host mica and ~ fram 

the thoracic duct or tl:\ymus cells which had been administered. They 

conc1uded, on the basis of this and previous experiments (53), that 

the thymus lymphocyte had first to react with the specifie antigen 

before interaction with bone marrow ce11s could produce a significant 

hemolysin l'esponse, that the 195 hem.o1ysin-forming celi is marrow 

derived and that the thymus or thoracic duct lYmPhocytes recognize 

antigen and interact with it in the same way that triggers off 

differentiatioll of the essentially-passive bone marrow derived 
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precursor cells to specif'ic antibody-f'orming cells. Mitchell and 

Miller (447) rule out any direct immunologie rale f'or the macrophage 

or an epithel1al. cell since smears of' suspensions of' bene marrow and 

thymus revealed f'ew, if' a:rry, cells which cou1d be une qui vocally 

ident1f'1ed as an epitblial cell or macrophage. Saline cell-iree 

thymus extracts f'ailed ta produce more hemolysin-f'orming cells than 

wera observed in neonatally tbymectom.1zed controls, thus demonstrating 

that the activity of' the syngeneic thymus cells is depandent upon; 

intact and undamaged cells. Since the bene marrow of' neonatal.ly 

tbymectomized rodents 1s normal in appearance and resembles that of' > 

more mature marrow (53, 448), it could give rise to the hemolysin-
" 

producing ceU in the th\Ymectomized neonate. 

A number of' other experimental f'indings suggest a 

specif'ic interaction between thymus lymphoa,ytes and antigen(s). 

Davi.es et al (451, 514) observed that thymus-gra:rt derived cells 

responded briskly to sheep rad cells vith a burst of' mitotic activ1ty •. 

However, neither Davi.eset al. (352) nor Mitchell and Miller (447) 

could detect any antibody-f'orming cells f'olloving this interaction 

between the thymus cells and ant1gen. Danes et al (514) transf'erred 

spleen cells, containing chromosomally-marked thymus and bone marrow 

derived cells, f'ro.m a host mouse which had been immunized vith 

sheep rad cells,into an irradiated secondar.y host Mouse. This 

latter host had been rendered isoimmune prior ta irradiation so as 

to kill or pre vent the proliferation of' cells derived f'ram the bene 
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marrow graf't.. They found that although tlJivmus - deri 'V8d cells were 

mitotically - reactive to antigenic stimulation in vivo, no anti

b~ could be detected in the animals, suggesting that the tbymus

derived cells are not capable of antibody' formation nor of giving 

rise to antibody-forming cells. These in'V8stigators (447, 514) sug

gest that tqymus-deri'V8d cells which ha'V8 reacted to antigen prodnce 

an RNA.-antigen ccmplex which is necessary to trigger off transforma

tion or conversion of the bone marrow-derived precursor of the anti

body' forming celle As in the experiments of Gengozim et al (445) 

and Claman et al. (52), Mitchell and Miller (447) also observed that· 

spleen cells injected with rat red cells into irradiated mice pro

duced much more antibody' than a similar number of t~c lymphocytes. 

However, spleen cells, especi~ in rodents, would be expected to 

be immunologically effecti'V8 since they are a mixture of thymus

derived and bone ... marrow deri'V8d cells (447). Furthermore, the 

rodent spleen possesses hematopoietic fOnction. 

Dukor et al. (449) injected ~ectomized, irradiated 

mice with chromosomally-marked bone marrow and. thymus cells and. 

found both bone-marrow-donor type and tnymus-donor type cells 

dividing in the lymphoid tissues. The majority of the dividing 

cells were of marrow origine These findings confirmed those of 

Mitchell and Miller (447) cited above. 

In a tot~ in vitro system, Globerson and Auerbach 

(450) observed that the competence of adult mouse spleen to evoke a 
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graft-versus-host reaction in vitro was lost upon sub1ethal irradi

ation but could. be restored when the spleen fragments were grown in 

the presence of thymic tissue for two to three days. When lethal 

doses of irradiation were used, reactivation of immune competence 

d.id not occur unless both tlwmus and bone marrow tissues were present. 

Here, the bone mà.rrow appeared to supply' the 1mmunocompetent oells. 

On the basis of the results presented above, it 

appears that the immediate precursor of the antibody-forming cell, 

the "affector ce11" of maman et al (52) is derived tram the bone 

marrow which need not migra te through the t~s. One May then ask 

what the rGLe of the thymus or thoracic-duct cell is in the conver

sion of precursor ce11 of antibody-forming ce11 and to which ce11 

1ineage the "antigen-reactive oe11s" and the "auxi1iary cells" of 

C1aman (52) belong - the thymus or the bone marrow. 

The results of experiments presented in this thesis 

strong1y suggest that the bone marrow contributed the cells to the 

~ocampetent cell pool". This conclusion is based on our tindings 

that o~ bone marrow cells f'rom. nom.al, urrl1mm1nized rabbits reacted 

with b1astogenesis and mitosis in the presence of a number of pro

tain antigens. IiYmPh node, spleen or t~s cells of normal rabbits 

did not react in vitro. Although the basal activity of the various 

cell populations was high, as represented by' the tritiated. thymidine 

incorporation in the control tubes, the specific tritium incorpora

tion, that is, the ratio of tritium incorporation in the presence 
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of the antigen to that incorporated in the absence of the antigen, 

was 3-10 for normal bone marrow cells whereas it was approrlmate~ 

1 for nomal 1ymph node, spleen and. thymus cells. The other ex

perimental findings presented and discussed above only serve to 

corroborate this interpretation of the ro1e of the bone marrow in 

the immune response. 

A study was then initiated in order to identify the 

celles) in the bone marrow which reacts to antigen in vitro. Normal 

rabbit bone marrow was separated into two fractions by centrifugation 

in a 1inear sucrose density gradient. Fraction l, which was enriched 

vith small and medium-sized ~phocytes, responded markedly in the 

presence of the antigens whereas Fraction II, which contained the 

majority of the immature ce11s of the el-Jtthroid and granulocyte 

series in addition to a re1ative1y small number of lymphocytes, 

responded poor1y. The results suggest that the responsive cells 

fOnll a part of the lymphoid population of the bone marrow rather 

than some of the other cell types. ~e Fraction l contained, in 

addition to lymphocytes, some larger blast-like cells which could 

conceivably have parlicipated in the response, these cells vere 

actu~ present in larger numbers in the poorly responding Fraction 

II. Furthermore, the difference in magnitude of response between 

Fractions l and II cannot be attributed to effects exerted on the 

cells by the varying sucrose concentration along the gradient 

since incubation of ce11 suspensions fram whole bone marrow for 3 

hours in medium containing 15 per cent sucrose, which is the high-
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est sucrose concentration employed in the present fractionation 

technique, did. not 'impair the response upon exposure to antigen. 

These results provide support for the concept of a 

f'unctiona1 heterogeneity of lymphocytes, despite the morpho1ogical. 

sim11arity of sma11 lymphocytes, in the var10us 1ymphoid organs. 

The question of f'unctional heterogeneity has &lso been ra1sed b.Y 

the findings presented herein with respect to the response of 

lymphoid ce11s of the various organs to phytohemagg1utin (PRA) in 

vitro. The lymphocytes of each of the lymphoid organs investigated

bene marrow, spleen, lymph node, thymus, appendix, saccu1us rotundus 

and. b1ood-possess a distinct "PHA reacti ve profUe" which is capable 

of differentiating the lymphocyte populations of each of the organs 

investigated. No two ce11 preparations reacted in a sim11ar wll8'. 

The five criteria b.Y which these celi populations could he differ

entiated are: 

(1) The concentration of PRA required for optimal. b1astogenesis. 

(2) The latent period. of the b1astogenic response. 

(3) The time required for m~um blastogenesis. 

(4) The time required for maximum specifie incorporation 

of tritiated thymidine. 

(5) The duration of the b1astogenic response. 

These data suggest the presence of fUnction~-distinct lymphocyte 

populations in each of the lymphoid organs in the animal. body. 

Fu.rthermore, evidence has been presented in the current literature 

strong~ suggesting the presence of a multiplicity of lymphocyte 
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types within the various lymphoid organs. Meuwissen et al. (452) 

observed a failure of response to phytohemagglutinin b,y lymphoa,ytes 

fram children with congential th8mic dyplasia although the response 

to a1.logeneic cells vas unimpaired. Sah1ar and Schwartz (453) 

observed marked histologie al differences in the spleens and lymph 

nodes of rabbits treated vith 6-mercaptopurine (6-MP) and/or antigen. 

There vas failure of gel'minal center enlargament in the spleens of 

rabbits given 6-MP. In contrast, hovever, the lymph nodes of the 

6-MP treated rabbits displayed marked proliferative activity, 

particularly in the ge~nal centers. The authors suggested that 

these results are probably due to intrinsic differences in suscepti

bility to 6-MP between germinal center lymphoa,ytes of the spleen 

and lymph node, implying functionally-heterogeneous lymphoid popu

lations. The heterogeneity of splenic mononuclear cells has been 

demonstrated b,y the work of Plotz and Talal (454), who were able to 

fractionate splenic cells by passage over glass bead columns. 

The functional heterogeneity of the lymphoa,ytes in 

the various lymphoid organs has been further demonstrated on the 

basis of several other criteria. These are (a) their central. as 

against their peripheral location, (b) the presence o~ thymus de

pendent and thymus inde pendent areas in the peripheral lympboid 

organs, notably the spleen and lymph nodes and (c) the life-span of 

the lymphocyte, since it has been demonstrated that there exist both 

long-lived and short-lived lymphoa,ytes within the same lymphoid 

organ. 
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It has been shown, experiment~, that the lymphoid. 

tissues m~ be c1assified as central and peripher81 tissues (455). 

A lympboid. organ qualifies as central if' its extirpation prior to 

a cr1tical period in deve10paent compromises the integrity of the 

remaining lymphoid. tissues. The t~s, in sever81 an1mal species, 

am. the bursa of Fabr1cius in the chicken have central. lymphoid 

fUnction. While the immunologic fUnctions of the t~s and the 

bursa of Fabricius are dif'ferent, under experimental conditions, 

these two organs show similarities of developaent and lymphoepi

thelial morpbology. Both are composed of follicles of lymphoid 

tissues vith cortical and medullary organization (462), their 

development is independent of antigenic st1mul.ation (46:3) and they 

possess very few antibody-forming cells (464). However, thymic 

and bursal cells dif'fer in thtt, bursal lymphocytes are sanewhat 

larger, they contain a higher RNA to DNA ratio and they disp1Ç" an 

abundance of polyribosome s (457, 465). 

It has been presumed that lymphoid cells migrate from 

these central organs to peripheraJ. lymphoid tissues such as the 

spleen and lymph nodes where they faeilitate morphologie and func

tional maturity (455). In the rabbit, it has been demonstrated 

that the appendix (456, 457) and the sacculus rotundus (458) appear 

to possess central lymphoid. funetion and these organs can be com

pared vith the bursa of Fabricius, both in morphology and function 

(459). Peterson et al (460) aM Cooper et al (461) have suggested 
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that the appendix, tonsils and other gut-associated I,mphoid 

'rgans have a bursal role in man and rabbits. Cooper et al (461) 

removed the sacculus rotundus, appendix and Peyer's patches, which 

they refer to as the bursal homologue in man, fram neonatal rab-

bits and observed that the humoral antibody reaponse of these rabbits 

at a later date was much depressed compared to that of sham-operated 

rabbits. Their capacity ta reject skin homograf'ts vas not llIlpaired. 

On the basis of the findings presented above it would 

appear that the bursa of Fabricius is concerned m~ vith the 

establishment of the conditions leading to Immoral antibody form~ 

tion (457, 466) whereas thethymus gland is mainly, but not alto

gether, concerned 'Vith the establishment of a state of cellular 

immunity (429-433, 466-468). Cain et al (469) observed that thymus 

and spleen cells, obtained fram ten week old Arbor 'White Rock 

chickens, demonstrate grai"t-versus-host activity, a cell-mediated 

immune reaction, when injected into fourteen dq old Ghostly Whi:te 

leghorn embryos, as determined by the extent of splenomegaly pro

duced in the embryos by the transferred cells (470). Bursal 

oells injeeted into the embryos manifested. no such reaetivity. 

It has also been demonstrated that the thymus contribut:-eSl. towards 

full development of humoral immunity (466, 471-473) sinee thymectom;y 

of young animals has been shown to deerease their humoral immune 

responsiveness to a number of well defined antigens in later life 

(466, 469, 471-475). Fiehtelius et al (476) have question"'d 
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whether this action of the t~s is a direct result of the absence 

of t~c function or an indirect result of depression of bursal 

ditferentiation as a consequence of the 1aek of vigorous t~c

dependant defense meehanisms. 

i'l\vlIleetoJÇ' at birth or soon afterwards is acc01l1panied 

b,y 1Deomp1ete deve10pnent of the ~phoid. tissue, ~phopenia and a 

generalized impair.ment of immunologie fUnotion (477, 478). In the 

adult animal, it has been demonstrated that t~eotolD\Y results in 

a re1atively slow but progressive decrease in the mmtber of small 

lymphocytes in the ~h nodes, b100d and thoracic duet lymph (478-

480) and a gradual reduction of the immunologie capabilities, both 

cellular and humoral, of the host (481-48:3). It has been shown 

that subjecting adult miee to both thymectOlT\Y and irradation results 

in a rapid and irreversib1e 1ymphopenia and in the reduetion of the 

animals to the status of immunologie al cripp1es (484, 485). 

The immuno1ogical unresponsivness indueed in mice 

following neonatal t~eetomy can be corrected by the injection of 

adul t syngeneic spleen cells (486), neonatal spleen or 1ymph node 

cells (487) or thoracic duct cells (488) obtained trom normal, adult 

mice. It can also be alleviated by the grafting of t~1c tissue 

in a mi11ipore diffusion chamber, whieh would pre vent the em1gration 

of th;ym:ic cells tram the graft (489), tlms 1ending further support 

to the theory that the thymus May function as an endocrine organ (4'2, 98, 

.I81.,2~. These results suggest that the immunological defie1ency 

in tbymectomized mice 1s rs1s.ted solely to a lack of circulating 
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lymphocytes. They also exc1ude the possib111ty that the unresponsi v

ness is the result of a defect in cellular "processing" of antigen 

or of an unfavourab1e enviro:nment for the proliferation of immuno

logic~ competent cells. 

In 1962, Waksman et al (490) described areas of lym

phoa,yte dep1etion in tissues of neonata1ly-t~ectomized rats. The se 

areas, which have sinee come to be regarded as the "thymus dependant 

areas", comprise the periarterio1ar sheaths of the splenic white 

pulp and the diffuse lymphoa,yte fields, consti tuting the sub-fiolli

cular and inter-follicu1ar areas, of the 1ymph nodes and Peyer's 

patches. Similar areas of . lymphocyte dep1etion were described by 

Parrott et al (491) in neonatally-thymectomized mice on the basis 

of the localization of radioactively-1abelled spleen cells and 

tbymoa,ytes. Similar observation as to the presence of thïYmus

dependent lymphocytes have been made by Turk (492), de Sousa and 

Parrott (493) and Parrott and de Sousa (494). On the bas:is of 

results of experiments using rsdioactively-1abelled lymphocytes and 

chromo sane-marke rs , i t has been demonstrated that thymus cells 

emigrate from the thymus to the lymph nodes in the guinea pig 

(495, 496), the mouse (497) and the rat (498). The experiments of 

Goldschneider and McGregor (499) and Parrott and de Sousa (500), 

using radio-acti valy labelled spleen and thymus cells injected into 

thymectomized animals, and those of Weissman (501), who injected 

1abelled thymus cells into nOl'mal animals, have corroborated the 

presence of thymus-dependent areas in the lymphoid tissues of the 



201 

rat. Goldschneider and. McGregor (499) have demonstrated that the 

thymus - dependent areas in lymphoid tissue are occupied b.r cells 

o~ the c1rculatory lymphoa,yte pool since the injection o~ isogeneic 

sma1l lymphocytes into the neonatal4r-tlvmectomized rat resulted in 

their colonizing the t~s-dependent areas o~ the lymphoid tissue. 

Furthermore, the injected lymphocytes did. not localize elsewhere. 

The sm&ll lymphoc.yte passed ~rom the blood to ly.mphoid tissue along 

a route which included the marginal sinus in the splenic white pulp 

and. post-capillary vessels in the cortex of ly.mph nodes and Peyer' s 

patches. They concluded that neither the ability o~ sm&ll lympho

cytes to populate lymphoid tissue nor the ability to traverse post

capillar,y venules are thymus-dependent fUnctions (494). It had pre

vious4r been shown (502) that rat small lymphocytes traverse ~rom 

the blood into the inter~ollicular areas of the lymph nodes through 

the walls o~ the post-capillary venules. More specifically, the 

lymphocytes pass through the cytoplasm of the endothelial cells which 

line the walls o~ the vessels unlike the other leukocytes which 

penetrate the vessel wall at the endothelial cell junctions. 

It has been shawn by Everett et al (503, 504), in 

experaents using rats infused with tri.tiàtaà th\Ymidine, that lymph(\

cytes in the rat have a various lire span. There exists a short

lived population o~ lymphocytes mainly located in the thymus and 

bone marrow (504, 505) and a predominant4r long-lived population o~ 

lymphocytes found in the spleen, lymph nodes and thoracic duct lymph 

(503, 504). The lymphoid cells in the germinal cent ers in the spleen 
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are al.so short-lived. (s06, S(7). Fliedner et al (S07) showed that, 

a:rter a single injection of tritiated thymidine, :30-40: percent of 

the cells in the germinal centers in the rat spleen were labelled 

within one hour. However, these cells remained labelled for on1y 

24-36 hours due to the rapid. mitotic activity of these cells. The 

mean grain count in radio811tographs of these cells d.i:minished with 

a half-1i.f'e of 1:3.4 hours. Cottier et al (S08) presented ev1.d.ence 

in favor of the independent proliferation of long-li ved and. short

lived J.3mphocytes. htracorporeal irradiation of the blood of the 

cal.f eompletely depleted the 8JÜmal of recirculating lymphocytes. 

SUch depletion, however, fai1ed to d1minish the extent of prolif

erative activity of geminal canters although the S1lr1'01UXiing cufi's 

of SIIl8l.1 lymphocytes vere seriously reduced. IGrmPhopenia was found 

to persist for m8!JY months despite bypertrophy of the geminal 

centers. Radiation - induced chromosome aberrations have been 

used as markers to identifY long-li ved small lymphocytes capable 

of surviving for long periods in vivo without div:l.ding (S08). 

These cells could be identified by their chromosome alteration 

following stimul.ation with plwtohemagglutinin in vitro. Nordman 

et al. (509) estimated that the lite span of the long-li ved circu

lating human ~hocyte to be approximately SSO dqs. Weber and 

Nowell (11S) cultured circulating lymphocytes fram irradiated 

monkeys in the presence of pb;ytohemagglutinin and observed cells with 

abnormal. chromosOJ'lles in the circulation up to 8 months a:t'ter irrad

iation. 
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In SUlIIIlary, it has been delllonstrated that nomal 

rabbit bone marrow cells are capable of react1ng upon initial 

exposure to prote1n antigens in vitro with blastogenesis and mit

osis and radioactive t~ine incorporation. On the buis of 

experlmental results obtained, this response has been d.esignated as 

a primary immnne response or as the imtial cellular event in the 

sequence of events leading up to antibody formation in the primary 

response. Furthe:nnore, this response or the normal bone marrow 

cells to protein antigens in vitro appears to be localized to its 

lymphocyte population. It is anticipated that &il!lore precise iden

tification of the responsive cells will be achieved by f'arther etu

dies using the more highly purif'ied l~hocyte i"ractionswhich mq 

be obtained by differential density gradient centrifUgation. Al

tbough it has been demonstrated that stimulated bone marrow cells 

contain specific antibodies, it has not yet been detemined whether 

these antibodies are identical to the humoral antibodies detected 

in a classical immune response initiated and sustained in vivo. 

Experiments are currently in progress to at tempt to elucidate 

f'urther the nature of the in vitro bone marrow lymphocyte response 

and to relate it to the two main distinguishable immune responses -

the humoral and cellular :bnmune responses. 
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CHAPTER 6 

SUMMARY 

Fragments of lymph nodes and. spleens of prev1ous~ 

iJ!l!!D1nized rabbits were shawn to be capable of synthesiziDg md 

releasing antibody when exposed to antigen and maintained in 

culture in vitro. Fragments of tb,ymus d1d not respond. vith anti

body formation in vitro. Call suspensions of 1Dmune lymph node 

and. spleen were also capable of undergoing blastogenesis and mit

osis and of incorporating tritiated tqym:idine when maintained in 

culture with am:.igen in vitro. Cell suspensions of immune tb;yJrm.s 

am bone marrow d1d not respond in vitro. 

On the other hand, neither fragments nor cell sus

pensions prepared fram lymph nodes, spleen and t~s of normal, 

un1mmnnized rabbits and. maintaüed in culture at 'Yrc responded 

with antibody formation or blastogenesis. However, normal. bone 

m&rrow cells maintained in culture with the antigen for five days 

responded with marked blastogenesis and tritiated t~ine uptake. 

The speciticity of this in vitro response was demonstrated by the 

fact that following the administration of a protein antigen in 

vivo the bone marrow cells lost their capacity to react to that 

parlicular protein antigen but not te other!, non-cross-reacting 

antigens. Furthermore, bone marrow cells obtained tl"om rabbits 

previously made tolerant to a prote in antigen, HSA, failed to 



respond to this antigen in vitro but did. to other protein antigens. 

It also demonstrated. that nOl'mal bone marrow ceUs incubated vith 

antigen are oapab1e of f'orming antibody which could be deteoted 

by the f'luoreseent ant1body teohnique. However, the results of' 

coprecipitation experiments suggest that this antibody 1s "ceU 

bound" in nature sinee l'lOne, or very litt1e, appeared to be secreted. 

by the cells into the medium. 

Centrifugation of' the who1e bone JIl&rrOW oell suspen

sion in a 1inear suorose density gradient yie1ded two fractions, 

des1gnated Fractions l and II. Fraction l, whioh wu enriched with 

small and medium size ~hocytes, responded to a degree 5-10 t1mes 

greater than that of' the original who1e bone marrow when exposed to 

the antigen in vitro. Fraction n, which contained most of' the 

non-~phoid cells, responded poorly. 

It was &lso demonstrated that lymphoid cells obtained 

fran the various 1ymphoid organs - lymph node, spleen, bone JIl&rrOW, 

t~s, appendix, sacculus rotundus and peripheral blood - respond. 

dif'ferently when incubated. with ph\Ytohemagg1utinin in vitro, tbl..s 

dem.onstrating the presence of f'unotionally distinct populations of 

lymphocytes in each of these organs. 

It i8 conc1uded that the bone marrow lymphocyte, by 

its capacity to react with blastogenesis and mitosi8 and ant1body 

formation upon initial exposure to the antigen, a property not 

possessed by ~hocytes of' the other ~ho1d organs, has a pre

emminent ro1e in the sequence of cellular events 1eading to anti

body formation in vivo. 



e CLADt9 OF ORIGINAL WORK 

1. It has been demonstrated that lymph nade 

and spleen cells obtained f'rom previously :1mnnmized rabbits are 

stimnlated to undergo blastogenesis and mitosis when exposed to 

the antigen 8Dd cultured in vitro at YloC. Cells of the other 

l:ympboid organs failed to respond. upon incubation vith antigen 

in vitro. 

2. A correlation was found. to exist between the 

capacity of the lymph node cells obtained f'rClll a previously -

immunized rabbit to undergo blastogenesis and mitosis in respense 

to antigen and the s,ynthesis of antiboqy by fragment cultures of 

the same lymph node in vitro. 
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3. It has been demonstrated that bone marrow cells 

obtained :Crom normal, unimmunized rabbits and cultured with various 

protein antigens in vitro are capable of undergoing blastogenesis 

and mitosis and of incorporating rad1oactively-labelled thymidine. 

This response was not observed vith ly.œphoid cell suspensions 

obtained f'rora. the other l.ympboid organs. 

4. The specificity 8Dd bmmne nature of the blast

ogemc response of the normal bone marrow cells ta antigens in 

vitro vas demonstrated using the fluorescent antibody techni~e. 

Antibody could be specifically detected vithin the st1mul.ated bone 

marrow cells. 



s.; The re&pOnse of the 11h01. bene ma.rrov cell. 

suspension to antigens in vitro vas 10calized to the au1l. and 

med.iUlll sise lymphocyte pop1Üations of the bone lUrrov.' 

6.' It 11&8 daaonstrated that l.ymphocytes obtained 

troa various l.ymphoid organs respond. ditf'erentl,- to phytohemagg].u

tinin in vitro, suggesting tbat _ah 11mPhoid organ poSse8seS a 

f'Dnotionally - distinct population of 1ymphOcyt.S.1 



BIBLIOGRAPHI 

1. Marshal1, A.H.E. and and White, R.G. 
Brit. J. Exp. Path., 31: 157, 1950. 

2. White, R.G. 
in Meohanisms of Antibody Fomation, 
CZ6~h. Acad. Soi., Prague, 1960. 

3. Fagraeus, A. 
Acta Med. Soand. Suppl. p. 204, 1948. 

4. Wiss1er, R.W., Fitoh, F.W., La Via, M.F. and Ganderson, C.H. 
J. Cell. Camp. P~sio1. 50: 265, 1957. 

5. Ward, P .A., Johnson, A.G. and AbeU, M.R. 
J. Exp. Med., 109: 463, 1959. 

6. Congdon, C. C. and Makinoden, T. 
Amer. J. Path .. , 39: 697, 1961. 

7. Thorbecke, G.J., Asofslcy, R.M., Hochwal.d, G.M. and. Siskilid, G.W. 
J. Exp. Med., ll6: 295, 1962. 

8. Gunderson, C.H., Juras, D., La Via, M.F. and. Wissler, R.W. 
J. A. M. A.,lBO: 1038, 1962. 

9. Keuning, F.J., Meer, J. van der Nieuwenheis, P. and OIlderdijk, P. 
Lab. Invest., 12: 156, 1963. 

10. Langevoort, H.L. 
Lab. Invest., 12: 106, 1963. 

11. Bramms, W.G. 
Acta Neerl, Morph., 4: 289, 1961. 

12. Hanna, ~I.G. 
A thesis, University of Tennesse, 1964. 

13. Hanna, M.G. 
Lab. Invest., 13: 95, 1964. 

14. Cr addo ck , C.G., W1nlœ1stein, A.B., Matsuyuld, Y. and. Lawrence, J.S. 
J. Exp. Mad., 125: 1149, 1967. 

15. Ehrich, W.E. and. Harris, T.N. 
J. Exp. Med., 76: 335, 1942. 



16. Hall, J.G. and Morris, B. 
J. Exp. Pby'aio1. , 48: 235, 1.963. 

17. Hall, J.G. and Morris, B. 
Lancet 1: 1C1l, 1.964. 

18. Smith, R.T. 
Ciba Found. Symp. on Callul.ar aspects of immnnity 
p. :348, 1960. (Churchill., Loman) 

19. Coons, A. H., Leduc, E. H. and Cormolly, J.M. 
J. Exp. Mad., 102: 49, 1955. 

20. Leduc, E.H., Coons, A.H. and CoDDOll:y, J.M. 
J. Exp. Med., 102: 61, 1955. 

21. 'White, R.G., Coons, A.B. and Connoll:y, J.H. 
J. Exp. Med., 102: 73, 1955. 

22. Keuiling, F.J. and van der S1.ikke, L.B. 
J. Lab. Clin. Med., 36: 167, 1950. 

23. Nossal., G.J. V. and Make1a, o. 
J. Exp. Med., 11.5: 209, 1962. 

2J.I.. Mike1a, o. and. Nossal., G.J. v. 
J. Exp. Med., 11.5: 231, 1962. 

25. Ward, P. A., Johnson, A. G. and Abe1., M.R. 
Lab. Invest., 13: 180, 1963. 

26. Cottier, M. Odartchenko, N., Keiser, G., Hess, M. and Stoner, R.D. 
Ann. N. Y. !cad. Sei., 11.3: 612, 1964. 

Zl. Sainte-Marie, G. and Coons, A. H. 
J. Exp. Med., ll9: 743, 1964 

28. Hall, J .G., Morris, B., Moreno, G.D. and Bessis, M.C. 
J. Exp. Med., 125: 91, 1967. 

29. Cunningham, J.B.S. and Mercer, E.H. 
J. Exp. Med., 12J.1.: 701, 1966. 

30. Attardi, G., Cohen, M., Horibata, K. and. Lennox, E.S. 
J •. Immuno1., 92: )46, 1964. 

31. Vazquez, J.J. 
Lab. Invest., 10: 1110, 1961. 



32. Deutsch, L. 
Ann. Inst. Pasteur, 131 689, 1899. 

33. Chase, M. W. 
Fad. Proc., 101 404, 1951. 

~. Chase, M. W. 
in The Nature and Significance of the Antiboqy Response, 
Symp. Sect. Microbio1. N. Y. Acad. Med. 
(A. M. Pappenhe1mer, Jr., ad.), p. 156. Co1umbian Univ. Press, 
N. Y. 1952. 

35. Landsteiner, K. and Chase, M. W. 
Proc. Soc. Exp. Biol. N.Y., 491 688, 1942. 

)6. Harris, J. and Harris, T. N. 
Fad. Proc., 101 409, 1951. 

37. Harris, S. and Harris, T. N. 
J. Exp. Med., 1001 269, 1954. 

38. Harris, S. and Harris, T. N. 
J. Immunol., 741 318, 1954. 

39. Harris, T. N., Harris, S. and Faber, M. P. 
J. Immunol., 751 112, 1955. 

40. McGregor, D. D. and Gowans, J. L. 
J. Exp. Med., 1171 303, 1963. 

41. Gowans, J. L. and McGregor, D. D. 
The origin of antibody forming cells. in IDIIIIWlopatho10gy, 
Ilird Int. Symp., p. 89, 1963. 

42. Trench, C. A. H., Watson, J. W. Walker, F. C., Gardner, P. S. and 
Green, C. A. 

Immuno1., 101 187, 1966. 

43. Naspitz, K., Singhal, S. K. and Richter, M. 
Int. Arch. Allergy Immunol. 1968 (In Press). 

44. Dixon, F. J., Roberts, J. C. and Weigle, W. O. 
Fad. Proe., 16. 649, 1957. 

45. Dixon, F. J., Weigle, W. O. and Roberts, J. C. 
J. Immuno1., 781 56, 1957. 

46. Konda, S. 
Acta Haemato1. Japan, 22. 656, 1959. 



47. Perkins, E.M. Robins, M. A. and. Makinodan, T. 
J. Immunol., 86: 533, 1961. 

48. stoner, R.D. and Hale, W.M. 
J. lmmnnol., 75: 203, 1955. 

49. Rosenberg, L.T., Chandler, M.R., Gordon, A.S. and Fischel, E.E. 
J. Imamnol., 81: 136, 1958. 

50. Tal.iaferro, W.R. and. Tal.iaferro, L.G. 
J. Infectious Diseases, 110: 165, 1962. 

51. Doria, J., Goodman, J., Gengozian, N. and Congdon, c. c. 
J. Imnmnol., 88: 20, 1962. 

52. Claman, R.N., Chaperon, E.A. and Triplett, R.F. 
Proc. Soc. Biol. N.Y., 122: 1165, 1966. 

53. Miller, J .F.A.P. and. Mitchell, G.F. 
Nature, 216: 659, 1967. 

54. Dixon, F.J. and Weigle, w.o. 
J. Exp. Med., 105: 75, 1957. 

55. Dixon, F.J. and Weigle, w.o. 
Fed. Proc., 16: 411, 1957. 

56. Trnka, z. 
Nature, 181: 55, 1958. 

57. Harris, T.N., Harris, S. and Farber, M.B. 
Proc. Soc. Exp. Biol. N.~., 102: 495, 1959. 

58. Harris, T. N., Harris, S. and Farber, M. B. 
J. IDmuno1., 88: 199, 1962. 

59. Nossal., G.J.V. 
lDmunol., 2: 137, 1959. 

60. Dixon, F.J., Roberts, J.C. and. Weig1e, w.o. 
J. Exp. Med., 105: 417, 1957. 

61. Weig1e, w.o. and. Dixon, F.J. 
J. Immano1., 82: 516, 1959. 

62. Roux, w. 
z. Biol., 21: 411, 1885. 

63. Jolly, J. 
C.R. Soc. Biol. (Paris), 55: 1266, 1903. 



64. Beebe, S.P. and. Ewing, J. 
Brit. ~~d. J., 2: 1559, 1906. 

65. Harrison, R. G. 
Proc. Soc. Exp. Biol. N.Y., 4: 140, 19C1l. 

66. Burrows, M. T. 
Anat. Rec., 6: 141, 1912. 

67. Carrel, A. 
J. Exp. Med., 17: 14, 1913. 

68. Thomson, D. 
Proc. Soc. Med., 7. Marous Beck Lab Rep., 2: 21, 1914. 

éI). Carrel, A. 
J. Exp. Med., 15: 516, 1912. 

70. Ebe1ing, A.H. 
J. Exp. Med., 17: 273, 1913. 

71. Lewis, M.R. and Lewis, W.R. 
Johns Hopk. Hosp. Bull., 22: 126, 1911. 

72. Lewis, M.R. and Lewis, W.R. 
Science, 39: 330, 1914. 

73. strangeways, T.S.P. 
Prac. Roy. Soc., B 94: 137, 1922. 

74. Fischer, A. 
J. Exp. Med., 36: 393, 1922. 

75. Champy, C. 
C. R. Soc. Biol. Paris, 76: 31, 1914. 

76. Cho10pin, N. 
Arch. Milcr., 96: 435, 1922. 

77. Canti, R.G. 
Arch. Exp. Zelltorsch, 6: 86, 1928. 

78. Comandon, J., Levaditi, C. and Mutermilch, s. 
C. R. Soc. Biol. Paris, 74: 464, 1913. 

79. Carrel, A. and. Baker, L.E. 
J. Exp. Med., 44: 503, 1926. 

e 



80. Fischer,.l. 
J. B1ochaat., 43: 491, 1948. 

81. Parker, R.C. 
in Hethods of Tissue Cal.ture, 3rd ed. 
(P.B. lbeber Inc. N.Y.) 1960. 

82. Wh:1te, P.R. 
Growth, 10: 231, 1946. 

83. Wh1.te, P.R. 
J. Cell Camp. ~101., )4: 221, 1949. 

84. W8J!l101lth, C. 
Tax. Bep. Biol. Med., 13: 552, 1955. 

85. W8J!l101lth, C. . -'. 
J. Cancer Inst., 17: 305, 1956. 

86. Gay, G.O. 
Amer. J. Cancer, 17: 752, 1933. 

87. Medawar, P.B. 
Rature, 148: 783, 1941. 

88. Moscona, H. and. Moscona, A. 
J. Anat., 86: 287, 1952. 

89. Rivaldini , L.M. 
Nature, 173: 1134, 1954. 

90. Dulbecco, R. 
Proc. Nat. Acad. Sci. Wash., 38: 747, 1952. 

91. Younger, J. 
Proc. Soc. Exp. Biol. N.Y., 85: 202, 1954. 

92. Pfeiffer, R. and. Marx, z. 

93. Ludke, H. 

Die B11dtmgsstatte der Cbo1eraschutzstoffe. z. I:{y'g., 
Zl: Zl2, 1898. 

Berl. Klin. Wschr., 49: 10)4, 1912. 

94. Kucynski, M.A., Tannenb81llll, E. and. Werthermaun, A. 
Virchow's Arch., 258: 6Wl, 1925. 

95. Meyer, K. and. Lowenthal, H. 
Z. Immun. Forsch., ,54: 420, 1928. 



96. Salle, A. J. and McOmie, W. A. 
J. Immnnol., 32' 157, 1937. 

97. Askonas, B. A. and Humphrey, J. H. 
Biochem. J., 68, 252, 1958. 

98. Miller, J. F. A. P., Osoba, D. and Dukor, P. 
Ann. N. Y. Acad. Sei., 124, 95, 1965. 

99. Michael1des, M. C. and Coons, A. H. 
J. Exp. Med., 117' 1035, 1963. 

100. Michael1des, M. C. 
Fed. Proc., 16, 426, 1957. 

101. O'Brien, T. F. and Coons, A. H. 
J. Exp. Med., 117' 1063, 1963. 

102. Halliday, W. J. and Garvey, J. S. 
J. Immuno1., 93' 757, 1964. 

103. Tao, T. W. 
Science, 146, 247, 1964. 

104. Jubasz, A. and Rose, B. 
Cano J. Biochem., 43' 787, 1965. 

105. Juhasz, A. ar~ Richter, M. 
Cano J. Biochem., 43' 803, 1965. 

106. Richter, M., Juhasz, A., Drech81er, B. and MYers, J. 
Nature, 210, 645, 1966. 

107. Mishell, R. I. and Dutton, R. W. 
Science, 153' 1004, 1966 

108. McKenna, J. M. and Stevens, K. M. 
J. Exp. Med., 111' 573, 1960. 

109. Vaughan, J. H., DIltton, A. H., l)1tton, R. W., George, M. and Marston, R. Q. 
J. Immunol., 84-, 258, 1960. 

110. Smiley, J. D., Heard, J. G. and Zif!, M. 
J. Exp. Med., 119' 881, 1964. 

111. Stavi tsky, A. B. 
J. Immunol., 75' 214, 1955. 



112. Steiner, D.F. 8l'1d Anker, M.S. 
Proc. Natl. !cad. Sei. U.S.A., 42: .580, 1956. 

11). Svehag, S.E. 
Science, 146: 659, 1964. 

114. Hslmreich, E., Kern, M. and. Eisen, R. N. 
J. Biol. Cham., 2)6: 464, 1961. 

us. Helmreich, E., Kern, M. and Eisen, R.N. 
J. Biol. Cham., 237: 1925, 1962. 

u6. Schar.t".t", M.D. and Uhr, J. W. 
Science, 148: 646, 1965. 

U? Richardson, M., and. Dutton, R.W. 
Science, 146: 655, 1964. 

U8. Krueger, R.C. and Twedt, R.M. 
J. Immunol., 90: 952, 196). 

119. Hulliger, L. and Sorkin, E. 
Nature, 198: 299, 196). 

120. Hulliger, L. and Sorkin, E. 
Inmunol., 9: 391, 1965. 

121. Nossal, G.J.V. and Lederberg, J. 
Nature, 181: 1419, 1958. 

122. Nossal, G.J. V. 
Brit. J. Exp. Path., 39: 544, 1958. 

12). Nossal, G.J.V. 
Brit. J. Exp. Path. , 40: 118, 1959. 

124. Nossal, G.J. V. 
Brlt. J. Exp. Path., 40: :301, 1959. 

125. Nossal, G.J. V. 
Brit. J. Exp. Path., 41: 89, 1960. 

126. Make1a, o. and Nossal, G.J.V. 
J. Immuno1., 37: 447, 1961. 

127. Make1a, o. and Nossal., G.J. V. 
J. Immuno1., 87: 457, 1961. 



128. Nossal, G.J.V. and Hakela, O. 
Elaboration of antibod1es by single celJ.s. 
Arm. Rev. Microb., 16: .5), 1962. 

129. Nossal, G.J.V. and Hakela, o. 
J. Inmmo1., 88: 604, 1962. 

1)0. Attard:1, G., Cohn, M., Horibata, K. and Lennox, E.S. 

1)1. 

in Sym. on the bio1. or cells modified by viruses or 
antigens. II ~ the analys1s of antibody synthesis of 
the cellular 1evel, Bact. Rev., 2): 21), 19.59. 

Jeme, N.K., Bordin, A.A., and. Henry, C. . 
in Cell bound antibodies (B.' Ames and H. Koprowski eds) 
Wister Inst. Press, p. 1094, 196~. 

1)2. Ingraham, J .S. 
Compt. Rend. Acd. Sei.', 2.56: .500.5, 196). 

Ingraham, J .S. and Bussard, A. 
J. Exp. Med., 119: 667, 196). 

Friedman, H. 
Fed. Froc., 24: 252, 196.5. 

sterzl, J. and Mandel, L. 
Foli.a Hicrob., 9: 17), 1964. 

Rowley, D.A. and Fitch, F.W. 
J. Exp. Hed., 121: 671, 1964. 

Bussard, A.E. and Binet, J .L. 
Nature, 20.5: 67.5, 196.5. 

1)8. sterzl, J. and Rihap I. 
Nature, 208: 8.58, 196.5. 

Dresser, D.W. and Wortis, H.R. 
Nature, 208: 8.59, 196.5. 

140. Weiler, E., Melletz, E.W. and. Breuninger, P.E. 
Froc. NatI. Acad. Sci. U.S.A., ,54: 1)10, 196.5. 

141. Berglund, K. 
Nature, 204: 89, 1964. 

142. Harris, T.N., Hwmr1el~r" K. and Harris, S. 
J. Exp. Hed., 12): 161, 1966. 



14). Mountain,I.M. 
J. Immuno1., 741 270, 1955. 

144. Wolf', B. and. stavi tsky, A.B. 
J. Imrmmo1., 81: 404, 1958. 

145. Ambrose, C.T. 
J. Exp. Med., 119: 1027, 1964. 

146. Ambrose, C.T. 
in Retention of' Functional Dl.f'f'erentiation in 
Cultured Cells (B. Kàprowsld. ed.) Wister Inat. Press. Phil. 
p. 71, 1964. 

147. Dresser, A.M. 
Immuno1., 9: 48), 1965. 

148. Saunders, G.C. and King, D.W. 
Science, 151: 1)90, 1966. 

149. Thorbecke, G.J. and Keuning, G.J. 
J. Infect. Diseases, 98: 157, 1956. 

150 •. sterzl, J. and JUek, M. 

151. 

152. 

1.54. 

155. 

156. 

157. 

158. 

Nature, 216: 12)), 1967. 

Thorbecke, G.J., Asof'sky, R.M., Boohwald, G.M. and Siskind., G.W. 
J. Exp. Med., 116: 295, 1962. 

))ltton, R.W. 
J. Exp. Med., 122: 759, 1965. 

Bolm, G., Perlmann, P. and WeI"l'ler , B. 
Nature, 20): 841, 1964. 

Moller, E. 
Science, 147: 87), 1965. 

Patterson, R., Suszko, l.M. and Orr, M.F. 
J. lmmano1., 96: 1)9, 1966. 

Eagle, B. and Fiez, K.A.-
J. Exp. Med., 116: 29, 1962. 

Singhal, S.K. and Richter, M. 
(Unpublished observations) 

Moorhead, J .R., Connolly, J.J. and MoFarland, w. 
J. Inmnmo1., 99: 41), 1967. 



·e 159. stevens, X.M. and MaKeDDa, J .M. 
J. Exp. Hed., l07s 517, 1958. 

160. Mountain, I.M. 
J. Immunol., 74s 278, 1955. 

161. Kong, Y.M., and Johnson, A.G. 
J. Immunol, 901 672, 1963. 

162. Schoenberg, M.D., Stah1tsky, A.B., More, R.D. and F:reeman, M.J. 
J. Exp. Med., 121: 52:1, 1965. 

163. La Via, M.F., Uns, S.A. and Ferguson, L.A. 
J. Immunol., 841 48, 1960. 

164. Pernis, B., Cohen, M.W. and Thorbecke, G.J. 
J. Immunol., 911 .541, 1963. 

165. Grabar, P. and Car:razier, P. 
in Cellular Aspects ot Imanmity (G.E.W. Wolstenholme and 
M. O'Conner eds.) Ciba Found Symp., Churcbill London 
p. 198, 1960. 

166. Berglund, S.E., Markey, P.A. and Mergenhagen, E. 
Proc. Soc. Exp. Biol. Med., 1261 84, 1967. 

Leibowitz, M.M.I. and Parks, J.J. 
J. Exp. Med., 117: 197, 1963. 

168. Tao, T.W. and Uhr, J.W. 
Science, 1.51: 1096, 1966. 

Globerson, A. and. Auerbach, R. 
Science, 149:991, 1965. 

170. caoberson, A. and Auerbaeh, R. 
J. Exp. Med., 124: 1001, 1966. 

l'll. Thorbecke, G.J. and Keuning, F.J. 
J. Immunol., 70: 129, 1953. 

MeKenna, J .M. and Stevens, X.M. 
J. Inmnmol., 78: 811, 1957. 

Askonas, B.A., Humphrey, J.H. and Porter, R.R. 
Bioehem. J., 63: 412, 1956. 

174. Ranney, H.M. and London, I.M. 
Fad. Proe., 10: 562, 19.51. 

175. Weber, W.T. and Nowell, P.C. 
J. Retieuloendothel1a1 Soc., 2: 326, 1965. 



~76. Keston, A. S. and Katchen, B. 
J. Immuno1., 761 25), 1956. 

~77. Lazela, V. and Starr, J. L. 
J. Immnno1., 951 254, ~965. 

178. stav1.tsky', A. B. 
Brit. J. Exp. Path., )91 661, 1958. 

179. stav1.tsky", A. B. and Wolf, B. 
Biochem. Biophys. Acta, 271 4, ~958. 

180. Kritzman, J. and Harper, A. 
Proc. Soc. Exp. Biol. Med., ~211 489, 1966. 

181. Osoba, D. and M1lJ.er, J. F. A. P. 
Nature, 1991 65), 196). 

~82. stevens, K. M. and McKenna, J. M. 
J. Exp. Med., 1071 5)7, 1958. 

18). Ambrose, C. T. and Coons, A. H. 
J. Exp. Med. 1171 ~075, 196). 

~84. Richards, F. F., Ambrose, C. T. and Haber, E. 
J. Immnno1., 961 101), ~966. 

185. Dresser, A. M. 
Immuno~., 91 48), 1965. 

186. Roberts, S., Adams, E. and White, A. 
J. ImmIlno1., 621 155, 1949. 

187. Langevoort, H. L., Asofsky", R. M., Jacobson, E. B. de Vries, T. 
and Thorbecke, G. J. 

J. Immuno1., 901 60, 196). 

188. Jerne, N. K. and Nordin, A. A. 
Science, 1401 405, 196). 

189. Strander, H. 
Immuno1., ~Ol 45, 1965. 

190. Tannenberg, W. J. K. 
Nature, 2141 29), 1967. 

191. Massie, F. S. and Fr~ck, o. L. 
J. Allergy, 401 215, 1967. 



• 192. Kam, M. and. Eisen, B.N •. 
J. Exp. Med., 110: 207, 1959. 

193. Fishman, M. 
Nature, 183: 1200, 1959. 

194. Fishman, M. 
J. Exp. Med., ll4: 837, 1961. 

195. Friedman, B.P., Stavitsky, A.B. and Solomon, J.M. 
Science, 149: ll06, 1965. 

196. McKenna, J .M. and Stevens, I.M. 
J. Exp. Med., lll: 573, 1960. 

197 • Marbrook, J. 
Lancet, I: 1279, 1967. 

198. Za1berg, O.B. van der Meul., V.A. and Van 'l'wisk, J.M. 
Natur, 210: ,544, 1966. 

199. l3I1ssard, A.E. and. Anderson, J. G. 
Immuno1., 11: 67, 1967. 

200. Mosier, E. 
Science, 158: 1573, 1967. 

201. Hege, J.S., Cole, L.J. 
J. Immuno1., 99: 61, 1967. 

202. Robinson, W • .A., Marbrook, J. and Dieme, E. 
J. Exp. Med., 126: 347, 1967. 

203. Bussard, A.E. and !.urie, M. 
J. Exp. Med., 125: 873, 1967. 

204. Bandinelli, M. and Wedderburn, N. 
Nature, 215: 157, 1967. 

205. l3I1ssard, A.E. 
Science, 153: 887, 1966. 

206. Cramer, N.E. 
J. IDmuno1., 90: 685, 1963. 

207. Fleisbman, J.B. 
J. Immuno1., 91: 163, 1963. 

208. Dutton, R.W., Dutton, A.H. and Vaughan, J.H. 
Nature, 182: 1317, 1958. 

209. Dutton, R.W. and Pearce, J.D. 
Immuno1., 5: 414, 1962. 



• 210. ])1tton, R.W., DIltton, A.H. and Vaughan, J.H. 
Biochem. J., 75: 2:30, 1960. 

211. Smiley, J.D. and Jasin, H.E. 
Immuno1., 8: 49, 1965. 

212. ])1tton, R.W. 
Nature, 192: 462, 1961. 

21:3. Sussdorf', D.H. 
Nature, 191: 770, 1961. 

214. Ainis, M. 
Nature, 194: 197, 1962. 

215. Bussard, A. and Huyny, V.A. 
Bioch. B1op~. Res. Comm., :3: 453, 1960. 

216. Popisil, M. 
Folia Microbio1., 8: Zl4, 196:3. 

217. Medzon, E.L. and Vas, S.I. 
Can. J. Microb., 10: 535, 1964. 

218. Capalbo, E.E. and Albright, J.F. and Bennett, W.E. 
J. Immuno1., 9:3: 24:3, 1964. 

219. Van der Meer, J.H.H. and Koningsberger, V.V. 
Biochem. Biopq,s. Acta. 10:3: 136, 1956. 

220. Timofejewsky, A.D. and Benewetenskaja, s.w. 
Arch. Exp. Zell!'orsch., 2: :31, 1925. 

221. Timof'ejewsky", A.D. and Benewe1enskaja, S.W. 
Arch. Exp. Zellf'orsch., 4: 64, 1927. 

222. Permain, G., Iqcete, R.R. and Fitzgerald, P.R. 
Lancet, 1: 637, 1963. 

22:3. Shrek, R. 
Amer. Rev. Resp. Dis., 87: 7:34, 1963. 

224. Hirschhorn, K., Ko1od.ny, R.L., Hashem, N. and. Bach, F. 
Lancet, II: :305, 196:3. 

225. Marshall, W.B. and Roberts, K.B. 
Lancet, 1: 77:3, 196:3. 



• 226. Cow1ing, D.C., O1ag1ino, D. and. Davidson, E. 
Lancet, II: 1091, 1963. 

2'Z7 • Coul.son, A. s. and Chalmers, D. C. 
Immuno1., 12: 417, 1967. 

228. Hartog, M., Cline, M.J. and Grodsk;y, l. 
Nature, 210: 314, 1966. 

229. Caron, G.A. and Sarkan;y, l. 
Nature, 210: 314, 1966. 

230. Camp, D.W., Fekety, F.R. Jr., Urbanetti, J. and Nosenzo, G. 
Amer. Rev. REtsp. Dis. 95: 470, 1967. 

231. Rouch, H.C. 
Amer. Rev. Resp. Dis., 95: 220, 1967. 

232. McFa2dand, W. and Heilmen, D.H. 
Amer. Rev. Resp. Dis., 93: 742, 1966. 

233. Caron, G.A. 
Int. Arch. Allergy, )0: 331, 1966. 

234. Hei1man, D. H. and. McFar1and., W. 
Int. Arch. A11ergy, 30: 58, 1966. 

235. HeUman, D.R. and. McFar1and., w. 
J. Immuno1., 96: 988, 1966. 

236. Fireman, P. Baesman, K. Harddad, Z.H. and Gitlin, D. 
Science, 155: 337, 1967. 

237. Hirschhorn, R. Hirschhorn, K. and Weissman, G. 
B1ood, 30: 84, 1967-

2)8. Vischer, T.L. 
Lancet, II: 467, 1966. 

239. Mayran, L.W. and Bar8lll, P. 
J. Immuno1., 98: 1274, 1967. 

240. Aspargren, N. and Rorsm&n, H. 
J. Allergy, 35: 433, 1964. 

Z41. Ricci, M., Passaleva, A., Ricca, M., Romagnani, S. and Bagnoni, E. 
Lancet, II: 1031, 1966 • 

• 



242. Lycette, R. R. and Pearmain, G. E. 
Lancet, III 386, 1963. 

243. Elves, M. W., Roath, S. and Israeles, M. G. G. 
Lancet, Il 806, 1963. 

244. Elves, M. W., Roath, S., T~lor, G. and Israels, M. C. G. 
Lancet, Il 1292, 1963. 

245. Hirschhorn, K., Bach, F., Ko1odney, R. L., Firschein, 1. C. and 
Hashem, N. 

Science, 1421 1185, 1963. 

246. Ling, N. R. and Husband, E. M. 
Lancet, Il 363, 1964. 

247. Cowling, D. C. and Quagl.ino, D. 
J. Path. Bact., 891 63, 1965. 

248. Girard, J. P., Rose, N. R. Kunz, M. L., Kobayashi, S. and Arbasman, C. E. 
J. Allergy, 391 65, 1967. 

249. Wiener, S. and Brasch, J. 
Med. J. Austr., Il 149, 1965. 

250. Zitz, S. J., Van Arsdel, P. P. and McClure, D. K. 
J. Allergy, 381 321, 1966. 

251. Richter, M. and Naspitz, C. K. 
J. Allergy, 1968 (In Press) 

252. Ricci, M., Passaleva, A. and Ricca, M. 
Lancet II a 445, 1966. 

253. He1tman, H. J. 
Lancet lIa 419, 1967. 

254. Gotz, H. and Heitman, H. J. 
Lancet Il 1380, 1967. 

255. Ho11and, P. and Mauer, A. M. 
Lancet, la 1368, 1964. 

256. Carron, G. A. and Sarkany, 1. 
Brit. J. Derm., 77a 556, 1965. 

257. Feldman, F. and G1oberson, A. 
Ann. N. Y. Acad. Sei., 1201 182, 1964. 



258. Ripps, C.S. and H1rscbhorn, K. 
CliD. Exp. r-uDo1., 2: m,1961. 

259. Ripps, c.s. and Fellner, H.J. 
Lancet II: 802, 1966. 

260. Ripps, C.S. and Fellner, M.J. and Hirscbhorn, K. 
Lancet II: 95, 1965. 

261. G111, F.A. 
J. 11II!I1U\ol., 98: 178, 1961. 

262. Halpern, B., Ky, R. T., Amache, N., Lagra.e, G. and. Hazard, J. 
La Presse Med., 15: 461, 1961. 

263. Halpern, B., Ky, N.T. and Amache, N. 
J. Allergy, 40: 168, 1961. 

264. Woodliff, H.J. and. Onset'1, P. 
Lancet II: 851, 1966. 

265. Sark8l\Y, 1. 
Lancet, 1: 143, 1967. 

266. Evans, D.A. 
J. Allergy, 39: 399, 1967. 

267. Hashem, N. and Barr, M.L. 
Lancet II: 1029, 1963. 

268. Fow1er, 1., Mossis, C.E. and Whitley, T. 
New Engl. J. Med., Zl5: 1041, 1966. 

268a. Hashem, N., Rirscbhorn, K., Sedlis, E. and. Ho1t, E.M. Jr. 
Lancet II: 2$, 1963. 

269. Fje1de, A. and Kopecka, B. 
Acte. derm-wuereal, 47: 168, 1967. 

Zlo. Pass, F., Larsen, li.G. and Lobitz, W.C. 
Ann • .A11ergy, 24: 426, 1966. 

Zll. Patrucco, A., Rothfield, N.F. and Hirscbhol'D, K. 
Arthur. RheuIIlat. 10: 32, 1967. 

Zl2. H1œschhorn, K., Schere'11:man, R.R., Bach, F.H. and Siltzbach, L.E. 
Lancet II: 842, 1964. 

Zl3. Cow1ing, D.C., Qu.agl1no, D. and Bassett, P.K.M. 
Brit. Med. J., 1: 1481, 1964. 



Zl4. Aspegren, N. and RorSlll8l'l, M. 
!nt. Aroh. Allergy, 24: 119, 1964. 

Z15. Zweiman, B., Besdine, R.W. and. Hild.reth, E.A. 
J. Immunol., 90: 672, 1966. 

Zl6. Zweiman, B., Besdine, R.W. and. Hildreth, E.A. 
Nature, 212: 422, 1966. 

Zl7. MUls, J.A. 
J. liDIùWiol., 97: 239, 1966. 

Z18. Oppenheim, J.J., Wolstenecrof't, R.A. and Gell, P.G.H. 
lmmunol., 12: 89, 1967. 

Z19. Vischer, T.L., stastn;y, P. and Zif!, M. 
Nature, 21), 92), 1967. 

280. Vischer, T.L., and stas~, P. 
Ilmunol., 12: 675, 1967. 

281. Du.tton, R.W. and Eady, J.D. 
Immunol., 7: 40, 1964. 

282. Chapnan, li.D., Parkhouse, R.M.E. and Du.tton, R.W. 
Proc. Soc. Exp. Biol. Med., ll7: 708, 1964. 

28). Benezra, D., Gery, 1. and Danes, A.M. 
Proc. Soc. Exp. Biol. N.Y., 125, 1:305, 1967. 

284. Harris, G. 
Nature, 211: 154, 1966. 

285. Harris, G. 
Immunol., 9: 529, 1965. 

286. Zavaleta, A. and stastn;y, P. 
Clin. Exp. Immunol., 2: 54), 1967. 

287. Marshall, W.H. and Roberts, K.B. 
Quart. J. Exp. Pqsiol., 48: 146, 196). 

288. Mackinney, A.A., Stoblman, F. and Brecher, G. 
Blood, 19: )49, 1962. 

289. Hastings, J. Freedman, S., Randon, O., Cooper, H.L. and 
Hirscbhorn, K. 

Nature, 192: 1214, 1961. 



290. Tanaka, Y., Epstein, L.B., Brecher, G. and. Stohlman, F. 
Blood 22: 619, 196:3. 

291. Robins, J. H. 
Eltperilllentia, 20: 1, 1964. 

292. Lindahl-K1ess11ng, K. and Book, J • .!. 
Lancet, II: 591, 1964. 

29:3. Pisciotta, A. V., Westring, D.Vi., De17-vy, C. =d. WaJ.sh, B. 
Nature, 215: 19:3, 1967. 

294. Cooper, E.R. 
Brit. J. HMlmat., 8: :3<)4, 1962. 

295. Cooper, E.H., Barkhan, P. and. Ha:Le, A.J. 
J. Heamat., 2: 101, 196:3. 

296. Lindahl-Kisess1ing, K. and Werner, B. 
Lancet II: 862, 1964. 

297. Rubio, C.A. and Zajicet, I. 
Lancet I: 579, 1967 

298. Winke1stein, A. and Craddock, C.G. 
Blood, 29: 594, 1967. 

299. McIntyre, O.R. and Sege1, W.D. 
Lancet I: 1265, 1966. 

:300. Bain, A.D. and Gould, I.K. 
Brit. J. Exp. Path., 45: 530, 1964. 

:301. Lischner, H.W. and Punnett, R.H. 
Lancet II: 640, 1966. 

302. Wilson, J.A. 
Lancet II: 52, 1966. 

303. McIntyre, O.R. and Sege1, vl.D. 
Lancet I: 1265, 1966. 

:304. Stroselli, E., Maccani, U. and Longe, A. 
H.emato10gica, 50: 220, 1965. 

:305. Claman, R.N. 
Froc. Soc. Exp. Biol. Med., 121: 236, 1966. 



306. Oettgen, H.F., SUber, R., Miescher, P.A. and Hirschhorn, K. 
Clin. Exp. Immuno1., 1: 77, 1966. 

307. Go1df'arb, A.R. and Ullal, I. 
Proc. Soc. Exp. Biol. Med., 119: 593, 1965. 

308. Conen, P.E. and Erkman, B. 0 

Lancet, I: 665, 1964. 

309. Knight, S., Ling, N.R., Seli, S. and Oxnard, C.E. 
Immuno1., 9: 565, 1965. 

310. Williams, T.W. and Ray, Me 
C,ytogenetics, 4: 365, 1965. 

Jll. E1rod, L.M. and Schreck, R. 
Exp. CeU. Res., 38: 418, 1965. 

312. Metcalf, W.K. 
Exp. Ce11 Res., 40: 490, 1965. 

313. Johnson, L.I., SUllivan, P.A., Siegel, C.D., Chan, P.C. and Gordon, A.S. 
Brit. J. Heamat., 13: 168, 1967. 

315. Willard, H.G., lbppe, I.B.H. and Netteshe:1m, P. 
Proc. Soc. Exp. Biol. N.Y., U8: 993, 1965. 

316. Macario, A.J.L. 
Lancet, I: 823, 1966. 

317. Sabesin, S.M. 
Proc. Soc. Exp. Biol. Med., 122: 351, 1966. 

318. Nicho1s, w.w. and. Le van , M. 
Blood, 20: 106, 1962. 

319. Fikng, S., Gordon, F. and Uhr. J.W. 
Proc. Soc. Exp. Biol. Med., 122: 379, 1966. 

320. Se11, S., Rowa, D. and °Ga1l, P.G.H. 
J. Exp. Med., 122: 823, 1965. 

321. Rieke, w.o. and Schwartz, M.R. 
Anat. Rac., 150: 383, 1964. 

322. Rieke, W.O. 
Science, 152: 535, 1966. 



323. Metcalt, W.K. and Osmond, D.G. 
Exp. CeU Res., 41: 669, 1966. 

324. Fo:rt, J.W. and Ramero, P.A. 
Lib. Invest., 13: 575, 1964. 

325. Barris, G. and Litt1eton, R.J. 
J. Exp. Med., 124: 621, 1966. 

326. Schrek, R. and Batra, K. V. 
Lancet, II: 444, 1966. 

327. Weber, W.T. 
Exp. Cau Res., 46, 464, 1967. 

)28. Schwartz, M.R. and Rieke, r1.0. 
Anat. Rec., 155: 493, 1966. 

329. Weber, W.T. 
J. Ce11 Physio1., 68: 117, 1966. 

3:30. Schrek, R. and Donne~, W.J. 
Blcod, 18: 561, 1967. 

331. Bain, B., Vas, M.R. and Lowenstein, L. 
Blood, 23: 108, 1964. 

332. Hashem, N. and Carr, D. H. 
Lancet, II: 1030, 1963. 

333. Jones, A.L. 
Transplantation, 4: 3'.f1, 1966. 

3:34. Kasakura, S. and lDwenstein, L. 
Nature, 208, 794, 1965. 

335. Gordon, J. and McLean, L.D. 
Nature, 208: 795, 1965. 

336. Kas akura , S. and lDwenstein, L. 
Transplantation, 5: 459, 1967. 

337. Bach, F. and Hirschhorn, K. 
Science, 143: 813, 1964. 

338. Hashem, N. 
Science, 150: 1460, 1965. 



339. Hashem, N. and Rosen, F. S. 
Lancet, I. 201, 1964. 

340. Bain, B. and Lowenstein, L. 
Science, 145' 1315, 196Lf.. 

)41. Oppanheim, J. J., Whang, J. and Prei, E. 
J. E~. Med., 1221 651, 1965. 

)42. Moyn1.han, P. C., Jackson, J. F. and Hardy, J. D. 
Lancet, Il 453, 1965. 

)43. Silvers, W. K., Wilson, D. B. and Palm, J. 
Science, 1551 703, 1967. 

~. Bach, F. H. and Voynow, N. K. 
Science, 1531 545, 1966. 

)45. Main, R. K., Cole, L. J., Jones, M. J. and Haire, H. M. 
J. Immunol., 981 417, 1967. 

)46. Grasbeck, R., Nordman, C. T. and Chapelle, A. de la. 
Lancet, III 385, 1963. 

)47. Grasbeck, R., Nordman, C. T. and Chapelle, A. de la. 
Acta Med. Scand. Suppl., 4121 39, 196Lf.. 

)48. Ho1t, L. J., Ling, N. R. and Stanworth, D. R. 
Immunochemistry, 31 359, 1966. 

)49. Knight, S. and Ling, N. R. 
Immunol., 121 537, 1967. 

350. Sell, S. and Gell, P. G. H. 
J. E~. Med., 1221 423, 1965. 

351. Gell, P. G. H. and Sell, S. 
J. E~. Med., 1221 813, 1965. 

352. Davies, A. J. S., Leuchars, E., Wallis, V., Marchant, R. and 
Elliot, E. V. 

Transplantation, 51 222, 1967. 

353. Sell, S. and Gell, P. G. H. 
J. ~. Med., 1221 923, 1965. 

354. Sell, S. 
J. ~. Med., 1251 289, 1967. 



355. Seil, s. 
J. Exp. Med., 125: :393, 1967. 

356. Seil, S. 
J. Immunol., 98: 786, 1967. 

357. Oppenheim, J.J., Regentine, G.N. and Terry, W.D. 
Fad. Prec., 26: 528, 1967. 

358. Sabesin, S.M. 
Science, 149: 1385, 1965. 

359. Johnson, G.J. and Russel, P.S. 
Nature, 208: 343, 1965. 

360. Wooclliff, H.J. and Onesti, P. 
Lancet, II: 857, 1966. 

361. Caron, G.A. 
Brit. J. Heamat., 13: 68, 1967. 

362. Pulvertofi, R.J. V. and Pu.lvertof't, I. 
Lancet, II: 892, 1966. 

363. Gill, F.A. 
J. ]mmuno1., 98: 778, 1967. 

364. Fames, P., Barker, P~E., Bjownhill, L.E. and Fanger, M. 
Lancet, II: llOO, 19~. 

365. Borjesson, J., Reisfie1d, R., Chessin, L.N., We1sh, P.D. and 
Douglas, S.D. 

J. Exp. Med., 124: 859, 1966. 

366. Chessin, L.N., Borjessen, J., We1sh, P., Douglas, S.C. and Cooper, H.L. 
J. Exp. Med., 124: 873, 1966. 

367. Hirschborn, K., Schreibman, R. R., Verbe, S. and Gruskin, R. H. 
Froc. Nat. Acm. Sc., 52: ll51, 1964. 

368. Mazzei, D., Novi, C. and Bazzie,. C. 
Lancet, II: 803, 1966. 

369. Stodolnik-Baranska, W. 
Nature, 214: 102, 1967. 

'510. Bach, F.H. and Hirschhorn, K. 
Seminars in Ra_at., 2: 68, 1965. 



Bin~t, J.L. and Mathe, C. 
Nature, 193: 992, 1962. 

Forbes, l. J. 
Lancet, l: 198, 1965. 

Ripps, C.S. and Hirscbhorn, K. 
Clin. Exp. Immuno1., 2: 377, 1967. 

Turner, K.J. and Forbes, l. J. 
J. Immuno1., 96: 926, 1966. 

Schrek, R. and ste:rani, S. 
Nature, 200: 482, 1963. 

Schrek, R. and Ste:rani, s. 
J. Nat. Cancer Inst., 32: 5f11, 1964. 

ste:rani, s. and Oester, Y.T. 
Transplantation, 5: 317, 1967. 

Ste rani , S.A. 
Excerpta Medica, 89: 406, 1965. 

Golfans, J.L. and McGregor, D.D. 
Prog. All., 9: l, 1965. 

:380. Parrot, D.M.V. and de Sausa, M.A.B. 
Nature, 212: 1316, 1966. 

TI1rk, J.L. 
Brit. Med. Bull., 23: 3, 1967. 

Scothorne, R. J. 
Ann. N. Y. Ac ad. Sei., 64: 1024, 1957. 

Uhr, J.W. 
P~siol. Rev., 46: 359, 1966. 

384. Da.tton, R.W. and Page, G.M. 
Immunol., 7: 665, 1964. 

385. Naspitz, C.K., Eisen, A.H. and Richter, M. 
!nt. Arch. Allergy 1968 (In Press). 

386. Oppenheim, J.J., Hersh, E.M. 8l'ld. mock, J.B. 
in The biological e:r:rects of phytohemagg1utinin. 
il (Robert Jones and Agnes Hunt ortho • Hospital 
Owestry, E:ng1and), 1966. 



381. Heillun, D. and McFar1and., W. 
Fed. Proc., 26: 528, 1961. 

)88. Jones, A.L. 
Transplantation, 4: 317, 1966. 

389. Forbes, I.J. 
Lancet, 1: 198, 1965. 

390. Caron, G.A. 
in The biological effects of pqtohsmagg1utinin n 
(The Robert. Jones and Agnes Hunt Ortho. lbsp. 
Oswestry, Eng1and), 1966. 

391. Agrell, I.P.S. 
EXp. Ceil Res., 42: 403, 1966. 

392. Zech., L. 
Exp. Ceil Res., 44: 312. 1966. 

393. 10 achim , H.L. 
Nature, 210: 919, 1966. 

394. Vassar, P.s. and Culling, C.F.A. 
Nature, 202: 610, 1964. 

395. Razavi, L. 
Nature, 210: 444, 1966. 

396. Conard, R.A. 
Nature, 214: 109, 1961. 

m. Rieke, W.O. 
~phocyte work shop Washington, 1965. 

398. Borgeson, J., Chassin, L.N. and Landy, M. 
!nt. Arch. Allergy, 31: 184, 1951. 

399. Dietrich, F.M. and Weig1e, w.o. 
J. Exp. Med., 111: 621, 1963. 

400. Smith, R.T. and Bridges, R.A. 
J. Exp. Med., 108: 2ZI, 1958. 

401. Richterr M. and Naspitz, C.K. 
!nt. Arch. Allergy, 32: 288, 1961. 



402. Bain, B. and Lowenstein, L. 
in Etf'ects of technical. variations on the mixed 
1eukocy'te reaction. Series Haematci. 77, Histocaapatibi11ty 
testing, Munksgaard, Copenhagen, p. 217, 1965. 

403. Kopriwa, B.M. and Leb1ond, C.P. 
J. Histochem. Cytochem. 10: 269, 1962. 

404. Clark, M.F. and Shepard, c. c. 
Viro1ogy, 20: 629, 1963. 

405. Boyden, S. V. 
J. Exp. Med., 93: 107, 1951. 

406. Reiner, L. and Fischer, O.Z. 
Immunotatsfarschung, 61: 317, 1929. 

4W. Freund, J. 
J. Imnnmo1., 21: 127, 19:31. 

408. Haber, E., Page, L. and Richanls, F.F. 
Anal, Biocbem., 12: 163, 1963. 

409. Gorer, P.A. and O'Goman, P. 
Transplantation, Bull., 3: 142, 1956. 

410. Robins, J.H. 
Science, 146: 1684, 1964. 

411. Naspitz, C.K. and Richter, M. 
Prog. Allergy (In Press), 1968. 

412. Micklem, M.S., Ford, C.E., Evans, E.P. and Grq, J. 
Proc.Roy. Soc., Series, B., 165: 78, 1966. 

413. O'Brien, T.F., Michae1ides, M.C. and Coons, A.H. 
J. Exp. Med., 117: 1053, 1963. 

414. Singhal., S. K., Drechs1er, B. and Richter, M. 
Lancet, II: 567, 19&1. 

415. CUnningham, A.J., &!1ith, J.B. mui Mercer, E.H. 
J. Exp. Med., 124: 701, 1966. 

416. Mc Gregor , D.D., McCnl1agh, P.J. and Gowans, J.L. 
Prac. Roy. 's,c., Series B, 168: 229, 1967. 

417. Ford, W.L. and Gowans, J.L. 
Proc. Roy. Soc., Series B, 168: 244, 1967. 



418. Gowans, J.L .. , MoGregor, D.D. and Cowen, D.M. 
Nature, LoDi., 196: 651, 1962. 

419. Gowans, J.L. and Uhr, J .W. 
J. Exp. Med., 124: 1017, 1966. 

420. Gowans, J.L. 
Ann. N.Y. Acad. Sei., 99: 432, 1962. 

421. Cochrane, C.G. and Dixon, F.J. 
Antibody' produotion by transferred cells. 
Adv. lmmuno1., 2: 206, 1962. 

422. Dutton, R. W. 
In vitro studies of iDmuno10gicaJ. responses of 
~hoid cells. Adv. Inmunol. 6: 253, 1966. 

423. Stavitsky, A.B. 
In vitro studies of the antiboQy response. 
Adv. Immuno1., 1: 211, 1961. 

424. NossaJ., G.J.V. 
Antibody' production in tissue culture in cells and 
tissues in culture (Willmer, Ed.) Academie Press, 3: 317, 1966. 

425. Wilson, D.B. and Billingham, R.E. 
Ipphocytes and transplantation imnmnity. 
Adv. Immuno1., 7: 189, 1967. 

426. Nossal, G.J. V. 
Mechanisms of antibody production. Ann. Rev. Med., 
18: 81, 1967. 

427. Stone,' S.H. 
Cellular commitments to immune responses 
Ann. Rev. Microniol, 21: 181, 1967. 

428. Makinodan, T. and Albright, J.F. 
Proliferative and. dif'f'erentiative manifestations of' 
cellular inmune potentiaJ., Prog. Allergy, 10: l, 1966. 

429. Miller, J.F.A.P., Marshall, A.H.E. and 'White, R.G. 
The immunologicaJ. signif'icance of the tl\Ynms • 
.Adv. Immuno1., 2: lll, 1962. 

430. Wo1stenholme, G.F.W. 
The thymus: Experimental and c1inical studie s 
:Churchill, London, 1966'. 

431. Good, R.A. and Gabrielsen, A.E. 
The thymus in immunobiology. structure, 1'unction and 
ro1e in disease, 'Harper and Row, 1964 :'. 



432. Cooper, M.D., Gabrie1sen, A.D. and. Good, R.A. 
RaIe of the tb;ymus and. other central l;ymphoid 
tissues in 1lamuno10gical disease, .Ann. Rev. Med., 
18: 113, 1961. 

433. Miller, J.F.A.P. and Osoba, D. 
Physio1. Rev. 41: 4'5l, 1961. 

434. Jacobson, L.O., Marks, E.K., Gaston, E.O., Robson, M. and Zirkle, R.F. 
Proc. Soc. Exp. Biol. Med., 10: 140, 1949. 

435. Lorenz, E., Uphoff, D., Reid, T.R. and She1ton, E. 
J. Nat. Cancer Inst., 12: 191, 1951. 

436. Congdon, C.C. 
BloOO, 12: 146, 1951. 

431. Trentin, J.J. 
Proc. Soc. Exp. Biol. Med., 93: 98, 1956. 

438. Van Putten, L.M., Van Beklonan, D.W., de Vries, M.J. and Balner, H. 
B100d, 30: 149, 1967. 

439. Morrison, J.H. and Toepfer, J.R. 
Am. J. Physio1, 213: 923, 1961. 

440. Mannick, J.A., IDchte, H.L., Ashley, C.A., Thomas, E.D. and 
Ferrebee, J.W. 

Blood, 15: 255, 1960. 

441. Congdon, C.C. and Urso, I.S. 
Am. J. Path., 33: 145, 1951. 

442. Stre1in, G.S. and Schmidt, N.K. 
Meditsinskqe Rad.io1ogiye, 1: 44, 1962. 

443. Cole, L.J., Habermeyer, J.G. and Nowe11, P.C. 
Radiation Res., 7: 139, 1957. 

444. Gengozian, N., Maldnodan, T., Congelon, C.C. and Owen, R.D. 
Prac. Nat'l. Ac ad. 5ci$, 44: 560, 1958. 

445. Gengozian, N., Makinodan, T. and Shekarchi, I.C. 
J. Immuno1., 86: 113, 1961. 

446. Harris, J.E. and Ford, E.E. 
Nature, 201: 884, 1964. 



447. Mitchell, G.F. and Miller, J.F • .A.P. 
Proc. Nat'l. Ac ad. Sci., 59: 296, 1968. 

448. Bierring, F. and. Grunnet, I. 
Acte Anat., 59: 182, 1964. 

449. Dukor, P., Miller, J .F.A.P., lbuse, W. and All.man, V. 
Transplantation, :3: 6)9, 1965. 

450. G1oberson, A., and Auerback, R. 
J. Exp. Med., 126: 223, 1967. 

451. Danes, .A.J.S., Lenchors, E., Wallis, V. and Ko11er, P.C. 
Transplantation, 4: 438, 1966. 

452. Meuwissen, H. J., Bach, F. J., Hong, R. and Good, R. A. 
Pediatries, 72: 177, 1968. 

453. Sahiar, K. and Schwartz, R.S. 
Int. Arch. Al1ergy, 29: 52, 1966. 

454. P10tz, P.H. and TalaI, N. 
J. Immuno1., 99: 1236, 1967. 

455. Cooper, M.D., Gabrielson, M.A. and Good, R.A. 
Ann. Rev. Med., 18: 113, 1967. 

456. Archer, o. K., Sutherland, D.E.R. and Good, R.À. 
Nature, 205: 337, 1963. 

457. Sutherland, D.E.R., Archer, o. K. and Good, R.A. 
Proc. Soc. Exp. Biol. Med., li5: 673, 1968. 

458. Cooper, M.D., Perry, D. Y., McKneelly, M.F., Gabrie1son, A.E., 
Souther1and, D.E.R. and Good, R.A. 

Lancet, I: 1388, 1966. 

459. Good, R.A. and Finstad, J. 
in Genninal centers in immune responses. Cottier, H., 
Odartchenko, R., Schind1.er, R. and Congden, c. C., Eds. 
Spring-Var1ey, New York, Inc., Pub1ishers, 1967. 

460. Paterson, R.D.A., Cooper, M.D. and Good, R.A. 
Am. J. Med., 38: 597, 1965. 

461. Cooper, M.D., Perry, D. Y., Gabrie1son, A.E., Sutherland, D.E.R., 
McKneally, M.F. and Good, R.A. 

Int. Arch. Allergy, 33: 65, 1968. 



462. Good, R.A., Gabrie1son, A.E., Peterson, R.D.A." and. Cooper, M.D. 
Trans. and studies ot the College ot P~sicians.,ot 
Philadelphia, :33: 180, 1966. 

46:3. Thorbecke, G .. J .. , GoNon, H.A., Wostman, B., Wagner, M. and 
Reyniers, J. A. 

J. Intect. Dis., 1.01: 2'5l, 1957 .. 

464. Dent, P.B. and Good, R.A. 
Nature, 2CYl: 491, 1965. 

465. C1.awsen, C.C., Cooper, M.D. and Good, R.A. 
Lab. Invest., 16: 407, 1967. 

466. Cooper, M.D., Peterson, R.D., South, M • .!. and Good, R.A. 
J. Exp. Med., 123: 75, 1966. 

467. J ankov11, B. D. ard Ipvaneski, M. 
Int. Arch. Allergy, 2:3: 188, 1963. 

468. Cooper, M.D., Peterson, R.D.A. and Good, R.A. 
Nature, 205: 143, 1965. 

469. Cain, W.A., Cooper, M.D. and. Good, R.A. 
Nature, 217: 87, 1968. 

470. Siminsen, M.T. 
Acta Path. et Microbiol. Scand., 40: 480, 1957. 

471. Humphrey, J.H., Parrott, D.M. V. and Cast, J. 
Immuno1., 7: 419, 1964. 

472. Pinnas, J.L. and Fitch, F.W. 
!nt. Arch. Allergy, :30: 217, 1966. 

473. Miller, J.F.A.P. 
?roc. Roy. Soc., Series B., 156: 415, 1962. 

474. Good, R.A., Dalmasso, A.P., Martinez, C., Archer, O.K., Pierce, J.C., 
and Pape:nnaster, B.W. 

J. Exp. Med., 116: 7:33, 1962. 

475. Jankovic, B.D., Waksman, B.R. and Arneson, BeG. 
J. Exp. Med., 116: 159, 1962. 

476. Fichte1uis, K.E., IQuvell, G. and Phillipson, L. 
Acta Path. et Microbiol. Scand., 51: 81, 1961. 

477. Miller, J.F.A.P. 
in The thymus exper:1lllental and c11n1cal studies. 
Ciba Found&tion Symphosium, Wolstenholme, G.E.W. and 
Porter, R. Eds·. Little, Bmfm and Co., Boston, Publishers 1966. 



478. Good, R.A., Gabrielson, .A.E., Peterson, R.D.A., Finst;;edl, J. and 
Cooper, M.D. 

in The t~s: exper1m.ental and clinical studies. 
Ciba Foundat1on Symposium. Wolstenhol.me, G.E.W. and 
Porter, R., Editors, Little, Brown and Co., Boston, 
Pub1ishers, 1966. 

479. Metcâll:f, D. 
Brit. J. Haematol., 6: 324, 1960. 

480. Schoo1ey, J.C. and Kelly, L.S. 
in The thymus in immunobioloby, Good, R.A. and Gabrielson, 
A.E., Editors. Harper and Row, New York Publishers 1964. 

481. Biening, F. 
in Ciba Fbundation Symposium. on H8Smopoiesis. 
Wo1stenholm, G.E.W. and. O'Connor, M., Editors 
J. and A. Chur~hi11, Ltd., Lo~...o~~ ?ub1ishers, 1960. 

482. Taylor, R.B. 
Nature, 208: 1334, 1965. 

483. Metcal.f, D. 
Nature, 208: 1336, 1965. 

484. Miller, J .F.A.P. 
Nature, 185: 1318, 1962. 

485. Miller, J.F.A.P., Doak, S.M.A. and Cross, A.M. 
Proc. Soc. Exp. Biol. Med., 112: 785, 1963. 

486. Dalmasso, A.P., Martinez, C., Sjodin, K. and Good, R.A. 
J. Exp. Med., 118: 1089, 1963. 

487. Parrott, D.M.J. and East, J. 
in The thymus in immuno1ogy. Good, R.A. and Gabrie1son, 
A.E., Editors, Harper and. Row, New York, Publishers, 1964. 

488. Miller, J.F.A.P., MitefteR, G.F. and. Weiss, N.S. 
Nature, 214: 992, 1967. 

489. Miller, J.F.A.P. 
Science, 144: 1599, 1964. 

490. Waksman, B.H., Arneson, B.G. and Jankovic, B.D. 
J. Exp. Med., 116: 187, 1962. 

491- Parrott, D.M.V. de So~a, M.A.B. and East, J. 
J. Exp. Med., 123: 191, 1966. 



• 492. Turk, J .L. 
Brit. Med. Bull., 2): ), 1967. 

49). de Sousa, M.A.B. arui Parrott, D.M. V. i!.~ 
in Germinal Canters in immune responses. 
Cottier, H., Od&rtohenko, N. ~ Sehindler, R. and 
Congdon, C.C. Editors, Spring-Var1ey, New York Ino., 
Pub1ishers, 1967. 

494. Parrott, D.M. V. and. de SDnsa, M.A.B. 
Nature, 212: 1)16, 1966. 

495. Nossal, G.J.V. 
Ann. N.Y. !cad. Soi., 120: 171, 1964. 

496. Murray, R.G. and Woods, P.A. 
Anat. Reoord, 150: 11), 1964. 

497. Harris, J.E., Ford, C.E., Barnes, D.W.H. and Evans, E.P. 

498. Weisman, 

Nature, 201: 886, 1964. 

I. 
in Ciba Foundation Symposium. The thymus (quoted by 
H.S. Kaplan). Wo1stenholme, G.E.W., and Porter, R., eds., 
Little, Brow and Co., Boston, Publishers, 1966. 

499. Go1dschneider, I. and McGreger, D.D. 
J. Exp. Med., 167, 155, 1967. 

500. Parrott, D.M.V. and de Sousa, M.A.B. 
lmmnno1., 1): 1)), 1967. 

501. Weissman, I.L. 
J. Exp. Med., 126: 291, 1967. 

502. Marchesi, V.T. and Gowens, J.L. 
Proc. Roy. Soc., Series:: B, 159: 28), 1964. 

50). Everett, N.B., Caffrey, R.W. and Reike, w.o. 
Ann. N.Y. !cad. Sci., 11): 887, 1964. 

504. Everett, N.B. and Tyler, R.W. 
!nt. Rev. Cytt)logy, 22: 205, 1967. 

505. Osmond, D.G. 
in The lymphocyte in :immuno1ogy and haemoporesis. 
Yoffey, J .M., editor, Edward Arnold. Ltd., London 
Publishers, 1967. 



506. Craddook, C. G., Winke1.stein, A., Matsuyuk1., Y. and Lawrence, J. B. 
J. Exp. Med., 1251 1149, 1967. 

507. F1iedner, T. M., Kesse, M., Cronk1.te, E. P. and RobertsoD, J. S. 
Ann. N. Y. Acad. Sei., 1131 578, 1964. 

508. Cottier, H., Cronk1.te, E. P., Jansen, C. R., Rai, K. R., Singer, S. 
and Sipe, C. R. 

mood, 241 241, 1964. 

509. NOrdman, A., Sasald., M. S., Ottoman, R. E. and Figenhurt, A. G. 
Science, 1471 ~5, 1964. 


