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Vertebrates typically respond to parenteral 

injection of foreign macromoleanles by producing anti­

bodies. These are giobullins which may be distinguished 

from other serum proteins by their property of specific 

aombination with the eliciting antigen. The kinetics 

o~ antibody production following immunization with 

microorganisms or with artificial antigens has been 

exhaustively described, and this work has suggested 

practical immunological procedures for preventing or 

ex>mbating natural infections. 

Much less well understood are the cellular events 

which lead to the appearance of antibody after antigenic 

stimulation. Even the nature of the antibody-foJTming 

cell ia not fully agreed upon. This first chapter 

records what is fairly certain about the cells in_vo~ved 

in the antibody response, and attempts to explain why 

so little is known about them. The antibody-fanning 

cells themselves are the most thoroughly discussed, 

since they are the chief subjects of the experimental 

work of this thesis. Because of the enormous literature 

published on the 9Ubject, the following review is highly 

selective. 
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A., METHODS :E'OR DETECTING CELLS CONTAINING OR RELEASING 

ANTIBODY. 

I. Correlations. 

A large number of early studies demonstrated ~hat 

lym.phoim tissue is the main site of antibody forma~ion 

in the body (reviewed by McMaster, 1961). The first 

attsmpts to identify the actuai cell types involved 

relied on indirect evidence. Antibody and ga.roma-

giobu~n produa~ion were related to increased numbers 

of plasma cells in humans and in rabbits (Bing and 

Plum, 1937; Ejo ~ oe and Gormsen, 1943). Harris 

et al. (1945) extracted antibody from cells issuing 

froIDLantigenically stimulated rabb~t lymph nodes, and 

concluded that the active cells were lymphocytes, since 

these were by far the most comm.on cell type in the 

lymph. Fagn:eus (1948) correlated antibody production. 

in rabbits with the appearance of immature plasma cells 

in their spleens. The impossibility of drawing con_-

clusions from this sort of evidence is exemplified by 

two papers published at the same time by :irich et al. 

(1949), and Harris and ffarris (1949). These two groups 

carried out almost identical studies on the response of 

rabbit lymph nodes to antigenic stimulation: one 

c~rre].ated antibody production with plasma cell formation. 

and the other, with the local generation of new lympho­

cytes. 
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II. Bacterial adherence. 

The first direct demonstrations of the c~lls 

involved in antibody production were claimed by Reiss 

et al. (1950) and Moeschlin and Demiral (1952). I~ 

was shown that Salmonella bacteria in suspension wou1.a 

adhere spec:1.fically t.:o a proportion o_f cells from the 

lymph nodes 0£ immunized rabbits. Most of the adherence­

p,ositive cells were thought to be plasma cells. Hayes· 

and Dougherty in 1954 showed a similar agglutination 

phenomenom around 10-20% of the small l.ymphocytes in 

loose connectiva tissue spreads from immunized mice: 

in retrospect, this agglutination would seem to have been 

caused largely by free antibody derived from~ minority 

of the cells. 

III. Histochemical Methods. 

A widely used method for detecting antigens or 

antibodies in tissues was developed by c.oons and applied 

to identifying antibody in single cells (Coons et al. 

1955; Leduc.: et al. 1955). In the "sandwich" version 

of the technique, antigen is allowed to eombine with_ 

intracellular antibody in sections of tissue. The 

preparations are washed to remove free antigen, and the 

specifically bound antigen is then stained with further 

antibodY" coupled to a fluurescent dye. When examined 

in the fluorescence microscope, cells containing anti-
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body fluoresce with an intensity which is presumed to 

be proportional to the amount of antibody they contain. 

The chief advantages of this technique are that a fair]y 

]arge number 0£ cells may be screened for activity, and. 

a wide variety o~ antigens may be used. Its main draw-

back is that cell morphology is somewhat obscured by 

fluorese.:ence,. al though this can be overcome by comparison 

with conventially stained adjac~nt sections. F1uores-

c.ence detects content, not production of antibody, and 

the cells must obvd.ously be killed for the demoDSt?ation. 

Radioactive]y-marked antigens have been used by,· 

B~renbaum {1958) to detect cells containing antibody 

which can combine with and iocalise the antigen. This 

method is presumably lless techntically satisfactory than·_ 

the c:oons technique since its use has rarely been 

reported. 

-

IV. Mierodrop Methods. 

The main advantage of studying single cells in 

microdrops under oil is that any antibody produced on 

incubationi can be confidently attributed to the isolated 

cell. Nossal used bacterial immobi:tization and agg1u-

tination, and the adherence of bacteria to cells as an 

index of specific antibody production. (Nossai, 1958; 

Nossal and Makela, 1962a). 
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Living cells could be studied, and rough quantitation of· 

the amount of antibody produced was possible. The 

method was time-c:onsum.ing and difficult to apply when! 

the proportion of active cells in a population was very 

-

small. However some preselection of cells producing· 

anti-0 antibody was possibl~ when a population of cells 

was incubated with a Iarge number of motile bacteria: 

the antibody-formers were set in motion by attached 

-

bacteria •. 

A similar method was used by Attardi et al. (1964) 

to detect cells releasing phage-n._eutralizing antibody. 

SingLe rabbit lymph node cells were incubated for 48 

hours in miarodrops together with Viiable test phages. 

A£ter incubation, the contents 0£ the drops were recovered 

on filter paper, resuspended in broth and assayed an JLawns 

-
of appropriate indicator aacteria far unneutralized phage. 

Since no preselection of antibody-forming cells was 

possible, the rabbits used in these experiments were 

hyperimmuniz;ed to provide a population of lymph node cells 

in which many cells were active. Attardi et al. were 

mainly interested in determining the incidence of cells 

P'•roducing anti bodies of 2 specificities from multiply 

immunized animals. For this purpose, suspensions of both. 

immunizing phages were included in each microdrop, 

together with an unrelated indicator phage whose assay 
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provided. a n est imate of the volume of the dropo In a 

second series of experiments , the neutralizat ion of phage 

by incubat ed singl e cells took place in much arger but 

more ac curately measured vollunes of me iu.rD. in sealed. 

micr opipettes , 

The resul ts obtained by microdrop experiflents are 

di scusse d later. 

V. Adhe r ence of eryt hrocytes to cells. 

A met 1.od s i milar i :1 princ.iple to , acterial adherence 

has b een used for essaying an ciood:r-formin:_: cells lJy· 

Zaalbe rg ( 1964),, end Nat a et; al . ( 1S64). T:1.e lymph1oid 

cells under test are incubated in. a tube wi th red cells 

of the type u sed for i mmunizat ion: clusters of 

erythrocytes form around those cells with antibody on 

their surface. These clusters often involve several 

rows o~ red cells indicating that actual release of 

antibody: is occurring. 

haemocytometer. 

They may be counted in a 

This technique seems to have some advantages over 

methods based on bacterial adherence. Erythrocytes are 

re]atively large, so clusters can be identified at 

comparatively Iow magnifications, which means, in turn, 

that fairly large numbers of cells can be screened f or 

this effect. However the danger of non-specific 

clumping has been pointed out (Dent and Good, 19 65 ). 
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For this reason the method would appear to be unreliable 

for assaying populations containing large numbers of 

antibody-forming cells since free antibody in the tubes 

of incubated medium could agglutinate red cells non­

specifically. 

}[1. The Jerne-Ingraham Plaque Principle. 

Jerne and his collaborators (1963), and Ingraham 

and Bussard (1964) introduced a simple technique which 

allows single cells forming haemolytic antibody to be 

readily detected even when these comprise a very am.all 

proportion of the total population of cells examined. 

In the Jerne technique, lymphoid cells and target 

erythrocytes are incubated together in a thin film of 

agar for an hour or more. During incubation, haemolysin 

diffuses away from antibody-forming cells and attaches 

to nearby erythrocytes. When complement is added, the 

sensitised red cells lyse to form a small clear plaque 

around a central active cell. Ingraham and Bussard 

add carboxymethyl cellulose to nutrient medium, and 

incubate cells and ~omplement together in a small volume 

o~ the viscous mixture under a coverslip on a slide. 

The great advantage of this technique over previous 

methods is that it has enormously increased the number 

of lymphoid cells which can be screened for specific 

antibody production. A whole mouse lymph node, even 
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an entire spleen, may be incubated on a Jerne-type plate, 

and the plaque produced by a single antibody-forming cell 

detected at a glance. In practical terms this means 

that the antibody-forming cells in lymphoid tissue can be 

monitored throughout an immune response: studies using 

the earlier techniques were largely confined to repeatedly 

immunized animals, at or near the peak of their response. 

The most serious limitation of the plaque technique is 

that it has not yet been adapted for use with defined 

protein antigens. It has been widely used with 

erythrocytes, and with enterobacterial lipopolysaccharides 

conjugated to red cells (Halliday and Webb, 1965). 

A recent report describes plaque lysis of hapten-coated 

red cells by cells releasing anti-hapten antibody 

(Merchant and Hraba, 1966). Schwartz and Braun (1965) 

have used localised bacteriolysis to indicate antibody 

production by single cells in a method analogous to the 

plaque haemolysis technique. 

It is probable that the Jerne-Ingraham plaque 

technique in its original form detects onl.y l.9S haemolysin , 

as suggested by Dresser and Wortis(l965), and Sterzl and 

Riha (1965). The usefulness of the method has been 

greatly extended by these two groups of workers who 

showed that plaques due to antibody of low haemolytic 

efficiency (probably 7S antibody) could be "developed" 

by adding anti-gamma globulin to the plates. 
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This modification is :further discussed in Chapter 5. 

VII. Evidence that these methods detect antibody conten~ 

or production. 

Four main phenomena have been used to detect single 

cells producing antibody: plaque formation, fluorescence, 

bacterial immobilization and the adherence of erythrocytes 

or bacteria to cells. These reactions all show the 

specificity of antibody. Furthermore, numbers of active 

cells in immunized tissue rise and fall in much the same 

way as serum antibody. Plaque formation and bacterial 

immobilization obviously involve the release of a factor 

with the specificity and activity of antibody into the 

medium around an active cell. Fluorescence, on the 

other hand, measures only a cell's content of antibody. 

Adherence of bacteria or erythrocytes to a cell may 

require c~ll-bound antibody. The property of causing 

adherence cannot be passively conferred on normal cells 

by contact with immune serum (Nossal, 1965; Zaalberg 

et al. 1966): this distinguishes adherence due to 

antibody production from the adherence of erythrocytes 

mediated by cytophilic antibody (Boyden, 1964). 

Evidence that these effects are antibody mediated 

is strengthened by the observation that antiserum to 

gamma globulin influences the detection of active cells 

by all 4 techniques. Attardi et al. (1964) found that 
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antiglobulin antisera prevented inactivation of phage by 

cells which were believed to be releasing anti-phage 

antibody. Nossal er al. (1964) used this inhibitory 

property 0£ antisera to distinguish cells releasing 19S 

and 7S antibody. The work of Dresser and Wortis (1965), 

and Sterzl and Riha (1965) has shown that plaque formation_ 

by 7S haem.olysin may be inhibited or enhanced by different 

concentrations of antiglobulin. Finally, the Coons 

technique is often used to detect single gamma-globulin 

producing cells by treating tissues directly with 

fluorescent antiglobulin antisera. 

It seems probable that the active cells detected by 

the microdrop and plaque techniques are actually synthe­

sizing much of the antibody which they release. 

Attardi et al. (1964), found that more phage-neutralizing 

antibody appeared in supernatants above a suspension of 

incubated cells than could be extracted from the cells 

themselves. Cell suspensions were also shown to 

incorporate radioisotope-labelled amino acids into gamma 

globulins and into specifically precipitable antibody. 

This is in agreement with a number of previous reports 

(Helmreich et al. 1962, Taliaferro and Taliaferro, 1957)~ 

that the intracellular pool of stored antibody is 

exhausted by about 30 minutes incubation, after which 

cultured lymphoid tissue releases newly formed, labelled 
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antibody. Evidence for in vitro synthesis of antibody 

by plaque-forming cells is slightly ~ess conclusive. 

Ingraham and Bussard (1964) found that preincubation of 

a population of cells with actinomycin or puromycin 

greatly decreased the number of plaques counted without 

affecting cell viability. Jerne et al. (1963), in a 

similar test, were unable to show any definite effect 

with actinomycin, possibly because of long-lived messenger 

RNA in the active cells. However, even inhibition of 

plaque formation by puromyc-in cannot be regarded as final 

proof of antibody synthesis within these cells since the 

release of stored antibody may also depend on active 

protein synthesis. 
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R._ THE MORPHOLOGY OF ANTIBODY-FORMING CELLS. ~ 

It is believed by many that the cell type chiefly, 

if not solely responsible for antibody formation is the 

plasma cell (for example, Nossal and Makela, 1962a). 

However, it has been claimed that other cells, notably 

small lymphocytes, may also show this function (discussed 

below). One of the main aims of the experimental work 

of this thesis was to attempt to provide more information 

on the nature of the antibody-forming cell. The present 

section· discusses rival claims and suggests possible 

reasons for the existing state of disagreement. 

I. Problems. 

(a). Methods of characterization. 

Different methods of preparing the same cells for 

light microscope examination will give very different 

results. Probably the best type of preparation for 

lymphoid cells is a smear stained with a Romanowsky 

stain. A lot of detail can be seen in living cells 

with phase contrast optics, although the degree of 

basophilia can not be easily assessed. Tissue sections 

display individual cell morphology much less clearly, 

and in addition they produce a greater scatter of cell 

sizes and tend, on the average, to underestimate the 

r elative size of the cell nucleus. 
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Perhaps the worst, yet most common preparation used for 

diagnosing cell type in studies on antibody formation 

is the low magnification view of a tissue section_ 

~ontaining tiny brightly fluorescing cells in which it 

is difficult to distinguish even a nucleus, let alone 

finer details. 

The electron microscope is bound to replace the 

light microscope for examining intrae;ellular strcture. 

A thorough correlation of the morphology of lymphoid 

cells as seen by the two techniques would be desirable, 

using comparisons of alternate thick and thin sections 

through the same eells. It is worth noting that the 

extremely thin sections used for electron microscopy 

can provide little information on the overall size ox 

nucleus / cytoplasm ratio of cells. 

(b>). Names. 

Groups of cells possessing a number of comm.only 

associated characteristics are given a type name. 

However, morphological features show continuous variation, 

and the difficulty of classifying "intermediate" types of 

cell is well recognized. Confusion can arise unless 

individual workers define their cell types. Disagreements 

may be more apparent than real: what one would call a 

plasmablast, another might label "large lymphocyte". 

A more insidious property of names is that they may 

beg· the question, or mislead in other ways. For example, 
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the term "immature plasma cell" denies the possibility 

that this cell can avoid becoming a mature plasma cell, 

and even suggests that~ like an immature wine, it has 

not yet reached the peak of its powers. 

(c). Argument from structure to function. 

It has often been suggested, (Bernhard and 

Granboulan, 1960), that cells which do not have large 

amounts of endoplasmic reticulum in their cytoplasm can 

not be expected to produce much antibody. This sort 

of ad hoc reasoning seems unjustified in the absence of 

certain knowledge on the way in which antibody is 

synthesized and released by cells. Similarly it may be 

dangerous to extrapolate from studies on plasmacytopoiesis 

to make predictions about the development of antibody­

forming cells: obviously the functional marker is needed. 

(d). Differences in animals, antigens and immunization 

schedules. 

Variations of this kind can always be invoked to 

explain differences in results. It may be significant 

that most studies on antibody formation have been done 

with hyperimmunized animals when plasma cells are 

relatively comm.on (Fagneus, 1948; Leduc et al, 1955: 

Wissler et al. 1957). 
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II. Names used in the literature. 

Lymphoid cells are traditionally classified on their 

appearance in the light microscope. The main morph-

ological features are: overall size, size of the nucleus, 

intrac'Sllular structure, and histochemical demonstratio~ 

of cell components. Functional criteria, such as uptake. 

of labelled DNA precursors, are sometimes used. In 

addition, the normal anatomical position of a cell may be 

described: thus thymocytes are distinguished from small 

lymphocytes, although the 2 groups look the same. 

(a). Lymphocytes. 

These cells predominate in lymphoid tissue. They 

vary continuously in size from about 5 or 6p. to 12Jl. or 

more in diameter, depending on the animal of origin and 

the method of preparation. Small, medium and large 

lymphocytes are usually recognized, small lymphocytes 

being most comm.on. Schooley and Berman (1960) 

distinguished small lymphocytes (not more than 7µ in 

diameter) from medium (8 or 9p. ) and large more than 9p.), 

and showed that a frequency distribution of their 

diameters was unimodal. Moreover, the average size of 

the cells could be increased by mixing with leucocyte­

free blood before smearing. With Leishman's stain, 

lymphocytes show a small amount of pale blue featureless 

cytoplasm. Small lymphocytes usually have a nucle~a/ 

total apparent area ratio of about o.8 or more. Larger 
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lymphocytes generally have relatively more cytoplasm. 
(b). Plasma cells and blasts. 

According to Downey's "Handbook of Haematology" 

(1938), the name plasma cell was first used by Waldeyer 

in 1·875. c:ajal, in 1890 and Unna in 1891 restricted 

the term to certain basophilic cells in connective tissue, 

while Marshalko in 1895 is said to have defined the cells 

as recognized today. In fact, the "Marshallo-type" 

plasma cell with its small eccentric nucleus and cartwheel 

chromatin is probably peculiar to formalin-fixed sections 

and is rarely seen in smears. Downey says that plasma 

cells may vary in size from 1-3 times that of a medium 

lymphocyte. According to the Nomenclature Committee of 

the 1959 symposium on
11
Mechanisms of antibody formation" 

held at Prague, plasma cells have extensive strongly 

basophilic cytoplasm, a juxtanuclear clearing, and a Golgi 

apparatus. "Immature'' plasma cells have small nucleoli,, 
0 

eccentrically situated nucle , and relatively low 

nucleus/plasma ratio. 

Few authors have recorded actual measurements of the 

cells which they described. Fagneus (1948) found that 

mature plasma cells varied in their greatest diameter 

from 6-15p with an overall mean diameter of 10p.. The 

average nucleus/cytoplasm ratio (i.e. ratio of apparent 

area of nucleus to apparent area of the whole cell) was 

0.38 (my calculations from the data of Fagnt9us). 
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Immature plasma cells were 11.lp. in average diameter· and 

0.58 in nucleus/cytoplasm ratio. For "transitional" 

cells, which were considered to be the precursors of 

immature plasma cells, the figures were 15.7µ and 0.64. 

Balfour, C-0oper and Alpen (1965) describe a nucleus/ 

cytoplasm ratio for "typical plasma cells" of 0.4 and 

distinguish "plasma cells with very eccentric nuclei" 

( ratio O. 2 5) •. 

The Nomenclature C·ommittee at Prague (1960.) gave 

the name 11haemocytoblast." to a type of cell which is 

commonly seen early in immune responses: a large 

rounded cell with fine chromatin structure of the nucleus 

and nucleoli and strongly basophilic (pyroninophilic) 

cytoplasm. The name is unfortunate since it suggests 

that one and the same cell can give rise to any of the 

cells of the blood or to antibody-forming cells, which 

may be true but has not been shown. The term was said 

to include "blasttt, "lymphoblast", "plasmablast" and the 

"transitional cells" of Fa:gn:eus. It probably also 

includes the "activated reticulum cell" of Marshall and 

White ( 19 50) • 

Other workers have defined their own subdivisions 

of the plasm.a cell series. Schooley (1961), working 

with mice, recognized early and late plasmablasts, 

proplasmacytes, and early and late plasmacytes, the last 

2 having eccentric nuclei identical to those found in 
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small lymphocytes, while the late plasmacytes had 

eartwheel chromatin and were rarely observed. Attardi 

et al. (1964) defined blasts in rabbits as being 15-20p. 

in diameter, immature plasma cells 12-15µ, and mature 

plasma cells only slightly smaller at 8-14p.. N.ossa1 

(1959), studying Leishman-stained cells from the lymph 

nodes of rats, defined blasts as large cells with a 

large oval reddish-purple nucleus which showed~ fine 

fibri:r.J.ary chromatin pattern, and with scanty pale blue 

cytoplasm. Plasma cells were all larger than small 

lymphocytes, and had eccentric nuclei with a perinuclear 

a~ear zone in the dark blue cytoplasm. Three types 

were recogniz.ed: plasmablasts resembled blasts but had 

darker cytoplasm and more dense nuclear chromatin; 

immature plasma cells were smaller with more cytoplasm; 

mature plasma cells were smaller still with very dense 

or clumped nuclear chromatin, and dark blue cytoplasm 

which was less abundant than in immature plasma cells. 

III. Antibody-forming cells: Light microscopy. 

The classic studies of Fagneus (1948) have already 

been quoted. She established a firm correlation between 

antibody formation and the development of plasma cells in 

the spleens of rabbits. However, techniques were not 

available at that time for direct demonstration of the 

active cell types. Pictures published by the workers 
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who first used bacterial adherence as the criterion 

of antibody formation (Reiss et al~ 1950, Moeschlin 
tt,,~t--3 r 

and Demiral, 1952,~Dougherty and Whib&, 1954), were 

not adequate for morphological diagnoses. The first 

unequivocal demonstration that plasma cells are 

important in antibody formation was provided by Coons 

and his c.olleagues ( Coons et al. 1955; Leduc et al. 

1955). In the lymph nodes of rabbits, groups of 

fl~arescent cells were found which were recognised as 

mature plasma cells by comparison with adjacent Giemsa-

stained sections. The first cells to show fluorescence 

during an immune response were large, with a big nucleus 

and basophilic cytoplasm. The possibility that some 

small lymphocytes contained antibody could not be 

excluded however. Similar populations of fluorescing 

cells were described by Va%quez (1961), and by Baney et al. 

(1962), although both these groups demonstrated a small 

proportion of fluorescent cells which appeared to be 

small lymphocytes. 

Nossal (1959) has consistently found that rat lymph 

node cells which release antibacterial antibody are 

plasma cells of varying degrees of maturity. Smal1 

lymphocytes were tested for activity, but were negative 

in all but one or two cases. 

Of the dir•ect evidence that small lymphocytes can, 

in some situations, release antibody, that of Attardi e1al. 
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(1964) is the most convincing. In their hyperimmunized 

rabbits, about 70-80% of the lymph node cells were 

lymphocytic in type, and an average of 10-20% were 

plasmacytic. Approximately 30% of the plasma cells 

tested produced phage-neutralizing antibody: active 

plasma cells classified as immature or mature were about 

equally common. Approximately 12% of the lymphocytic 

cells examined released antibody, and these were all 

small lymphocytes. There was some intentional pre-

selection for plasma cells in the single cell experiments,­

but overall, more than two-thirds of the antibody-foTmers 

in the suspensions of lymph node cells were small 

lymphocytes. Some blast cells were also found to produce 

antibody. Attardi et al_ examined living cells with phase 

contrast optics, and their published pictures support 

their claim that "optical conditions were very good for 

phase microscopy". 

Other groups have come to the conclusion that plasma 

cells are not the only cells able to produce antibody. 

The work o~ Balfour, Cooper and Alpen (1965) and Balfour, 

Cooper and Meek (1965) will be discussed later: they 

describe blasts, small lymphocyte-like cells, and inter-

mediate cells as giving positive fluorescence. Wissler 

et al. (1957) concluded that the main antibody•former 

in rats was a large pyroninophilic cell. However, this 
e:r J 
~ 

cell, and the intermediate cell of Balfour~ may well 
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correspond to ~ossal's plasmablasts and immature plasma 

cells. Recent reports by Van Fu.rth e~ al. {1966a, 

Jl966b) describe the detection by fluorescence microscopy 

of cells containing IgG, and IgA or IgM· gamma-globulin in 

humans. In spleens and lymphoid tissue,, plasma cells 

and large and medium lymphocytes were found which con­

tained any one of the 3 types of globulin, while fluores­

cence-positive small lymphocytes only contained IgM 

macroglobulin. 

IV. Antibody-forming cells: electron microscopy. 

The first electron microscope examination of antibody­

forming cells was reported by de Petris et al in 1963 

(and later in 1965). These workers immunized rabbits 

with ferritin, then cut thick sections of frozen lymph 

nodes and treated them with the antigen in such a way 

that the ferritin was able to penetrate into cells 

through breaks in the cell membranes and become spec­

ifically bound to antibody. Thin sections were then 

made for electron microscopy. In a secondary response, 

antibody was first detected in blasts 48 hours after' 

immunization. These cells had little endoplasmic 

reticulum out contained many clustered ribosomes. 

Later in the response, label could be found in cells 

with progressively more endoplasmic reticulum and 

eventually in mature plasma cells. Antibody appeared 
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to be localized in the cisternae of the endoplasmic 

reticulum or in the perinuclear space. 

Bussard and Binet (1965) cut thin sections through 

individual rabbit cells found at the centre of 12 

separate Jerne-type plaques. In 7 cases, the plaque-

forming cell was identified as a plasma cell, and in 1 

case, 2 plasma cells were found. Two of the remaining 

4 plaques had a plasma cell and a lymphocyte at their 

centre, and 2 were produced by unidentified cells. 

Fitch et al. (1965), have briefly reported a similar 

study 0£ rat haemolysin_producers: most of these 

plaque-forming cells were said to have morphological 

characteristics of :plasma cells. 

A more thorough study of the electron microscope 

morphology of single :plaque-forming cells has recently 

been carried out by Hummeler et al. (1966) and Harris 

et al. (1966). Rabbits were immunized with sheep 

erythrocytes, and active cells were obtained from 

popliteal lymph nodes, popliteal efferent lymph, 

thoracic duct lymph and peripheral blood It was 

{J!tearly shown that cells with only small amounts af' 

endoplasmic reticulum could form antibody, in comirm.-
C-r....L,1'1 S. 

ation of the work of de Petris;- Such cells were called 

lymphocytes, although it was :poin~ed out that there were 

more of the strucrtures generally associated with protein 
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synthesis (Golgi bodies, nucleoli and short channels of 

endoplasmic reticulum) in plaque-forming than in normal 

lymphocytes . In the lymph nodes, antibody-forming cells 

fell i nt o 2 classes, lymphocytes and plasma cells, with 
-

a range of intermediate forms~ Active cells from lymph 

and blood were all small and spherical with an approx­

imately central nucleus which retained condensations of 

chromatin considered to be characteristic of lymphocytes. 

The cytoplasm of these free-floating cells showed a 

profusion of polyribosomes and variable amounts of 

endoplasmic reticulum. Antibody-forming cells from. 

peripheral blood had parallel rings of lamellar 

endoplasmic reticulum around the nucleus. Typical 

plasma cells were not found in blood and lymph. 

V •. Conclusions. 

It is generally agreed that plasma cells can produe·e 

antibody. Further, there is considerable morphologicai 

het erogeneity among antibody-forming cells, and many of 

the active cell types described may have been developing 

towards the mature plasma cell form. The nature of the 

active small lymphocytes described by Attardi et al., the 

Harrises and others is not clear. They could be normal 

smal l lymphocytes, or perhaps plasma c_ells which hawe 

shed most of their cytoplasm (Thi~ry, 1960), or possibly 

a separate cell line with a distinct developmental 
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sequence., Two types of investigation might be expected 

to resolve this problem: (i) better characterization 

of antibody-forming cells by light and electron microscopy 

at different stages of the immune response; (ii) studies 

of the developmental history of antibody-forming cells. 
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C. DEVELOPMENTAL HISTORY OF ANTIBODY-FORMING CELLS. 

I. Problems. 

One would like to know what cells are initially 

stimulated by antigen, how these give rise to antibody­

formers, and how this process is controlled and prevented 

from escalating. The ideal experiment would seem to be 

to take a cell, stimulate it in vitro with antigen and 

watch the development of a clone o~ antibody-forming 

cells. Such a study has not yet proved technically 

feasib1-e. The necessity for carrying out experiments. 

in vivo means that the cells under test are swamped in 

a sea of irrelevant material; even methods for picking 

out and characterizing active cells can give no direct 

information on the events taking place before antibody 

formation begins. Furthermore, when an intact animal 

is antigenically stimulated, antibody-forming cells 

probably arise from a number of heterogeneous and 

asynchronously dividing clones, and the developmental 

pattern of individual clones is obscured. It is far 

these reasons that c~mparatively little is definiteiy 

known about the developmental history of antibody-

forming cells, while a vast body of conflicting literature 

testifies to the complexity of the subject. 
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II. Methods. 

(a). Sequence of transitional forms. 

A method much used by the older histologists 

involved piecing together hypothetical sequences of 

cellular differentiation from a series of static pictures 

0£ immunized tissue. It could give only suggestive 

results. 

(b) "Quantitative histology". 

This method depends on the counting of numbers of 

cells in different arbitrarily assigned morphological 

compartments at different stages of the immune response 

(Leblonde and Sainte-Marie, 1960; McMillan and Eng.el ·bert , 

1963). The validity of the results depends on 2 main 

assumptions, both of which are probably wrong: (i) that 

all cells which look the same behave the same, and (ii) 

that only "end cells" leave the pool under examination 

in significant numbers. 

(c) Independent markers. 

The best whole animal studies of cellular events in 

antibody formation have used a number of different 

properties to mark cells in an attempt to define distinct 

subgroups within the whole population of the lymphoid 

tissue. Investigations using only the functional 

marker, antibody formation, have analysed the kinetics 

of appearance and decline of antibody-forming cells 
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(J·erne et al. 1963; WigzelJL et al. 1966). Examination 

of the morphology o:f functionally active c:ells gives 

additional information (Leduc et al. 1955; Coons et al. ---
1955). Many workers have used a third marker, 

incorporation of radioactive isotopes into new DNA 

(Nossal et al. 1963; Baney et al, 1962). Tritiated 

thymidine is the most commonly used DNA precursor: 

some of the pitfalls in its use have been discussed by 

Laj"rtha ( 19 59) • Finally, a powerful fourth marker has 

been used by Balfour, Cooper and Meek (1965), who 

stained active cells with Feulgen stain and me~sured 

their DNA content by microdensitometry. 

(d). In vitro culture. 

A number of recent reports claim to have demonstrated 

the initiation of a primary response in organ cultures 

in vitro (Globerson and Auerbach 1965; Saunders and 

King, I966; Tao and Uhr, 1966). Bussard (1966) has 

found that normal mouse peritoneal cells may be induced 

to form plaques by incubation with erythrocyte antigens 

in carboxym.ethyl cellulose gum. Mishell and Dutton 

(1966) produced an apparent primary response in dispersed 

cell cultures of norm.al mouse spleens using red ~ell 

antigens and Jerne-type assays for antibody-forming 

cells. A considerable number of plaque-formers also 

appeared in their cultures when antigen was not added. 
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Hannoun and Bussard (1966) have maintained cultures 

of spleens and lymph nodes from immunized rabbits for 

more than 3 weeks, and have shown that antibody-forming 

ceils which Iook like macrophages may develop. It is 

evident that the abnormal conditions of in vitro culture 

can grossly alter the morpho1ngy of cells. However, 

these in vitro techniques are potentially of great 

importance for studying the cellular events in antibody 

formation, especially if some method can be found to 

culture homogeneous populations, or better still, single 

clones., 

(e). In vivo culture. 

The transfer of more or less defined populations 

of cells plus antigen to inert (usually ~-irradiated) 

genetically similar hosts is a technique in many ways 

similar to in vitro culture (Makinodan et al. 1960). 

Harris et al. (1963) conclusively showed that the 

antibody produced in one such situation was of donor 

origin. However, there is always a fear that the host 

may contribute to an immune response which is supposedly 

mediated by the transferred cells. Many workers have 

used experiments of this design to 

developmental histories, often in conjunction with 

fluorescence microscopy and autoradiographic techniques 

(Vazquez, 1961; Sainte-Marie and Coons, 1964; 
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Capalbo et al. 1962; Cohen and Colfn, 1964; Makela 

and Mitchison, 1965). 

(f). Colony formation. 

When 106-107 norm.al spleen cells are injected 

intravenously into an X-irradiated isologous host 

together with sheep erythrocytes as antigen, localised 

areas of antibody-forming tissue appear in the spleen 

within a few days. (Kennedy et al, 1966; Playfair 

et al. 19 65) • A linear relation was demonstrated 

between the number of spleen cells injected and the 

number of colonies produced: for this reason, they 

were believed to represent the progeny of a single cell 

from the original inoculum. Playfair et al. cut up 

the host spleens and incubated the pieces on a Jerne­

type plate, when regions of erythrocyte lysis appeared 

around the active areas in the presence of c_omplement. 

Kennedy and his colleagues sliced frozen spleens and 

incubated the slices on Jerne plates in the same way, 

to construct a map of the active regions. Moreover 

by parallel assays for plaque-forming cells on the 

spleens of mice which had received the same number of 

donor cells, they were able to estimate the average 

number of antibody-forming cells in a colony. 

These colonies differ in 2 important ways from the 

haemopoietic clones described by Till and McCulloch 

(19 61). Precursors of the latter are much more 
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numerous in normal spleens, and, on settling in a new 

host they divide to form a morphologically recognizable 

nodule of about a million cells. It has beem directly 

demonstrated by Recker et al. (1963), using chromosome 

markers, that most of the cells in these nodules are 

members of the one clone. The colonies of Kennedy and 

Playfair, on the other hand, are not morphologically 

distinguishable because of their small size, but are 

functionally defined. 

Spleen colonies are further discussed in chapter 7. 

III. The precursor cell. 

The identity of the antigen- (or messenger-) 

sensitive progenitor cell which gives rise to antibody­

forming cells, is of great importance to immunological 

theory. In the primary response, it determines the 

animal's range of immunological responsiveness, and in 

the secondary it presumably carries the property of 

memory ( Gowans and McGregor, 19.65). Three properti_es; 

of this cell are considered here: morphology, frequency 

of DNA s-gnthesis, and range of potential reactivity. 

(a). Morphology. 

There is considerable evidence from the work of 

Gowans and his colleagues that the small lymphocyte may 

be the ultimate precursor cell in both primary and 
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secondary responses. It has been conclusively shown 

that the cell is not an inert end cell, but can different­

iate, in the graft-versus-host situation, into a large 

pyroninophilic cell, which may then revert to the smal1 

lymphocyte form. (Gowans et al. 1962; Ford et al. 1966). 

However, a direct demonstration that small lymphocytes 

can give rise to antibody-forming cells is lacking. 

Gowans and McGregor have further shown that the 

ability of X-irradiated rats to mount a primary response 

to sheep red cells can be restored by injecting suspensions 

of almost pure sma11 lymphocytes. The possibility of 

"rescue" of host mechanisms by the injected cells was 

largely eliminated by the demonstration that small 

lymphocytes from a tolerant donor did not restore specific 

responsiveness, although it was not shown that this 

tolerant population could in fact restore responsiveness 

to antigens other than sheep red cells. The property 

of conferring secondary responsiveness to bacteriophage 

also appeared to be carried by lymphocytes (Ford et ai. 

1966). A point of difference between the primary and 

secondary responses was that whereas the ability to 

react to primary antigenic stimulation was severely 

depressed in rats depleted of lymphocytes by draimage 

of cells from chronic thoracic fistulae, such depletion 

did not affect secondary responsiweness. This could be 
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interpreted to mean that some ",memory" cells are sessi1-e, 

and not removed by drainage, or that they are free­

floating, and that only small numbers need be ieft :iln. 

the cannulated animal for a full secondary response to be 

observed. Makela and Mitchison (1965) have in fact 

shown, in studies on adoptive transfer of immunity in 

mice, that the size of a secondary antibody response is 

independent of the number of primed cells transferred 

over a wide range. On the other hand, White (1963) has 

presented evidence that a primed popliteal node resp,onds 

more vigorously to secondary antigenic stimulation tham 

the unprimed opposite node, suggesting that not all 

memory cglls are aole to circulate freely. 

Hall and Morris (1964) demonstrated that the capacity 

01f a local lymph node to generate an immune response 

depends not on a radiosensitive local population of cells, 

but on a recirculating population of lymphocytes (Gowans 

and Knight, 1964}. Further, the characteristic cells 

appearing in efferent lymph after antigenic stinntlation. 

are produced in the node, probably from the recirculating 

cells (Hall and Morris, 1965). A large proportion ~f 

the recirculating pool must pass through an antigenically 

stimulated node (Hall and Morris, 1965), and this 

extensive traffic may ensure an adequate number of contac~ts 

between c_ompetent cells and antigen-laden macrophages 

(Gowans and McGregor, 1965). 
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(b). Frequency of DNA s~nthesis. 

Nossal and his colleagues (Nossal and Makela, 1962~; 

Makela and Nossal, 1962; Nossal et al, 1963; Mitchel.1 

et al. 1963) injected tritiated thymidine into rats 2 

hours before a primary or a secondary dose of flagellar 

antigen in both foot pads. The fact that nearly al1 

plasma cells were labelled several days later suggested 

that the precursor cells had been synthesizing DNA before 

contact with antigen. However, Mitchellet al. (1963) 

have themselves pointed out that interpretation of their 

experiments was complicated by probable reutilization of 

label in the lymph nodes. 

The only other direct evidence for or against the 

regular division of precursor cells in the absence ~f 

antigenic stimulus comes from work by Cohen and Talmage 

(1965). Spleen cells from a primed mouse were incubated. 

for 2 hours in vitro with tritiated thym.idine, washe~ 

and injected into irradiated recipients, together with 

antigen. Of 109 antibody-forming cells detected by' 

fluorescence 2 or 3 days later, none was labelled with 

tritium. There are 3 main objections to concluding 

from this experiment that the precursor cell is a non­

dividing type in the secondary response: (i) conditions 

in vitro may be suitable for stimulated cells to 

synthesize BNA, but unsuitable for unstimulated cells: 

(ii) cont&c~ with thymidine for 2 hours might label 
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only a smal] proportion of a slowly-dividing cell line; 

(iii) in the 48 or 72 hours between antigen stimulation. 

and identification of antibody-forming cells for 

autoradiography, sufficient c~ll divisions may have takem 

place to remove all label by dilution. 

(c). Range of potential rea~tivity. 

An unsolved problem of immunology is the number o~ 

antigen~ to which a single immunologically competent cell 

can react. This is technically difficult to test 

directly, but a number of incidental observations are 

relevant. First, the demonstration that a single cell 

may form antibodies of 2 specificities (Attardi e~ a1. 

1964; Hiramoto and Hamlin, 1965), has set a lower limit 

tffi the competence of antibody-forming cells. Second, 

the phenomenom of antigenic competition (reviewed by-­

Adler, 1964) suggests that precursor cells may be mu1ti­

potential, although the interpretation of such complex 

experimental situations is difficult. Third, the fa~~ 

that memory is specific points to the existence of 

QOmm.itted precursor Qells, at least in the secondary 

response. 

Recently, the in vivo cloning method of Till and 

McCulloch (1961) has been used in direct attempts to 

study the antibody-forming potential of cells from single 

clones (Trentin and Fahlb~rg, 1963; Feldman and Mekori, 

1966; Trentin et al. 1966). Lethally irradiated 
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"primary" recipient mice were injected with 105 normal 

bone marrow cells, or with 4 x 107 lymph node cells frorm. 

phytohaemagglutinin-stimulated donors. The large 

discrete colonies which developed in the spleens of 

primary recipients were dissected out, and c-ells from 

one or several of these colonies were used to restore 

immunological competence to further lethally irradiated 

recipients. The fact that nearly all such secondarily 

repopulated recipients could respond to all antigens 

tested was taken as evidence for the immunological 

pluripotentiality of the single cells which initial~ 

gave rise to the spleen c~lonies. 

This argument depends entirely on the assumption 

that spleen colonies represent uncontaminated clones~ 

like bacterial colonies. on an agar plate. It seems 

clear from chromosome marker experiments (Trentin et a1. 

1966) that the great majority of cells in a colony are 

of donor type. In any case, immunologically competent 

host cells are no doubt destroyed by the irradiation. 

Fu.thermore, 2 observations suggest that most 0£ the cells 

in a a-.olony are the progeny of a single cell: first;, 

the "one-hit" statistical relation between the number of 

c~ells injected and the number of colonies ob·t;ained 

(Feldman and Mekori, 1966); second, the demonstration 

by Becker et aI. (1963), that rare chromosome abnormal­

ities are present in m:ost of the dividing cells in a 
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colony. However, it does not follow that all the cell.a 

in a colony must be members of the clone. If 105 bone 

marrow cells are injected into an irradiated mouse, and 

2 x 104 reach the spleen (Siminovitch et al. 1963), a 

small number will divide rapidly to form recognizab1e 

colonies, each occupying perhaps 5% of the mass of the 

spleen. Assuming a random distribution of injectea 

cells throughout the host spleen, 5% of the non-colony-­

forming donor cells are likely to be present in each 01f. 

these nodules. One thousand such 11passengers" in a 

colony of more than 106 e~lls would be undetectable by 

morphological or statistical means. Transfer of this 

colony now repres·ents no.t the transfer of 1 clone, but,: 

that of 1001 potential clones,, since many of these 

passengers may require appropriate antigenic stimulation 

before they will proliferate. Trentin et al. (1966) 

reco:gnize this objection, but consider that few 

immunologically competent cells would be trapped in a 

colony. Feldman and Mekori used 400 times as many cell s 

to establish their primary colonies, and the incidenoe 

of contaminants would probably have been correspondingJ.y 

higher in their experiments. 

The work of Celada and Wigzall (1966) also suggests 

that the cells which restore immunological competenc~ 

may not be members o~ the clones which form the basis of 
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morphologically prominent nodules. They find that when 

sheep red cells are injected into~ animals which are 

recovering from mid-lethal irradiation, groups of plaque­

forming cells develop both within and outside those 

nodules which spontaneously appear. Where such plaque-

forming C€lls are found inside a nodule, they represent 

from 10- 6 to 10-2 of the cells in the nodule. They 

consider that cells which are not members of the 

haemopoietic clone may be "seeded in" from outside and 

may proliferate to give rise to these small groups 0£ 

anti body-formers after contact with antigen. It is 

also possib~e that small numbers of cells capable of 

reacting to specific antigen may arise by differentiation 
(1466) 

or mut~tion within a clone. Trentin et al. l themseives 

report that lymphoid tissue develops diffusely throttghout 

an irradiated spleen (and no doubt through any 

haemopoietic nodules as well) after an injection of 

normal bone marrow cells (1966). Such lymphoid cell 

contaminants seem more likely to be precursors of f'u.tura 

antibody-forming cells than do members of the haemopoietic~ 

clone. 

Aithough proof is lacking, it may be true that a 

single bone marrow cell can expand into a large clone­

colony, and can, over a period of several weeks, 

repopulate a new irradiated host with cells competent 
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to respond to any antigen. This would be no more 

remarkable than the ability of the fertilized egg to 

expand its potential in the same way over a similar 

period of time from conception to the development of 

an immunologically competent young mouse. In both 

situations, one would like to know whether the abi1ity 

of an animal to respond to any antigen is acquired, 

as has been suggested by Burnet (1966), by numerous 

mutations among lymphoid cells, or whether this 

information is all present in the ultimate precursor 

cell. More immediately, can the immunologically 

competent cell, the cell which responds to antigenic 

stimulation by generating antibody-forming progeny, 

react to all or to a restricted number of antigens? 

Experiments with the colony-transfer model do not 

appear to be capable of answering these questions 

unequivocally. 

(d). Conclusions. 

The precursor cell in both primary and secondary 

responses seems likely to be the small lymphocyte, 

although the evidence is not conclusive. If this 

morphological identification is correct, it still says 

nothing about the frequency of division of these cells. 

Many small lymphocytes are known to have a long life 

span, (Little et al, 1962; Norman et al. 1965), 
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but th~roportion of cells in any population which is 

stimulated by a given antigen is so small (probably 

about 1 in 106) that these may well represent a subgroup 

with unusual properties. Morphological evidence alone 

does not exclude the possibility that precursor ce11s 

could be rapidly dividing small lymphocytes, and the 

autoradiographic evidence for the frequency of DN~ 

synthesis by these cells is conflicting. Finally, no 

definitive experiment has yet been found to test the 

range of antigens to which a single competent cell can 

react. 

IV. Cellular events after stimulation. 

Direct assays of lymphoid tissue, for antibody­

forming cells rather than for antibody, have proved 

that a real lag phase may follow antigenic stimulation 

(Ingraham and Bussard, 1964; Wigzell et al. 1966, 

chapter 5, this thesis). When erythrocyte antigens 

are used, numbers of plaque-forming cells increase 

rapidly in spleens or lymph nodes for 4 or 5 days, theml. 

decline rather less sharply (Jerne et al, 1963). A 

second peak, of 7S plaque-forming cells, can be iden:t­

ified when the antiglobulin assay of Sterzl and Riha 

(1965) and Dresser and Wortis (1966), is employed (see 

chapter 5). A feed-back effect of antibody may control 

the amount of proliferation of antibody-forming cel1s 
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which takes place (Finkelstein and Uhr, 1964; Moller 

and Wigzell, 1965; Rowley and Fitch, 1965). Steiner 

and Eisen (1966) have suggested that persistent antigen 

continuously influences the expression of potential for 

antibody production by cells. 

It is well established that antibody-forming cells 

arise by active mitosis from precursors, and that these 

cells continue to divide and produce antibody while 

differentiating, (Baney et al. 1962; Sainte-Marie and 

Coons, 1964; Zlotnick et al. 1962; Nossal, 1962; 

Cohen and Cohen, 1964). One developmental sequence 

which seems to take place is: large blast, to immature 

plasma cell to mature plasma cell (Nossal and Makela, 

1962b; Schooley, 1961; Balfour, Cooper and Alpen, 

1965). The number of generations involved in this 

process is not definitely known, and estimates of 

generation times range upwards from 6 hours (Sainte­

Marie and Coons, 1964). 

Balfour, Cooper and Meek (1965), have emphasised 

the complexity of cell kinetics in a lymph node during 

an immune response, and the difficulty of analysing 

proliferative events in cells which have not begun to 

synthesize immunoglobulins. They studied rat popliteal 

lymph nodes which had been stimulated with diphtheria 

toxoid. On the second day of a secondary response, 

animals were injected intravenously with tritiated 
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thymidine. Forty-five minutes later, one popliteal 

node was biopsied, and 5! hours later still, the other 

stimulated node was removed. Antibody- or immunoglo-

bulin-containing cells were identified by fluorescence, 

then stained by the Feulgen method. These active cells 

were then submitted to autoradiography and finally to 

microdensitometry. Thus 3 properties were measured_ 

in the same cells: antibody or gamma-globulin content,, 

recent synthesis of new DNA, and actual DNA content. 

From the last 2 properties, the stage of division cycle 

occupied by cells at the time of sacrifice could be 

deduced. 

In preparations made 45 minutes after the injection 

of isotope, there was little correlation between overall 

cell size, nuclear size, the content of antibody or 

globulins, rate of DNA synthesis and content of DNA. 

Five and one quarter hours later, a group of labelled 

diploid antibody- containing cells could be found which 

were believed to be post-divisional cells. Some of 

these were plasma cells , some 0 intermediate" cells, and 

some blasts. 
, 

It was thought that the intermediate 

cells were derived by division from blasts, and that, 

in view of their diploid DNA content, the fate of most 

intermediate cells was direct maturation to plasma cells. 
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It is clear that a study of single clones would 

greatly simplify the determination of developmental 

sequences followed by antibody-forming cells. The 

in vivo colony method of Kennedy et al. (1966) and 

Playfair et al. (1965), already described, may be a 

suitable model for such investigations. Kennedy has 

shown that there are about 103 specific antigen-sensitive 

precursor cells in a normal mouse spleen. These cells 

seem to undergo an average of 4-7 divisions following 

stimulation with antigen in the host spleen. Why 

multiplication stops after 7 or 8 days is obscure; it 

can hardly be due to the small amounts of antibody 

produced in the host. Possibly proliferation ceases 

if the mature plasma cell form is reached: a number of 

investigators have concluded that the mature plasma cell 

is an end cell with a short life span in the node 

(Schooley 1961; Makela and Nossal, 1962b). 



- 43 -

D. NATURE OF THE ANTIBODY PRODUCED BY SINGLE CELLS. 

This final section will briefly discuss evidenc~ 

for heterogeneity of specificity, molecular weight, and 

antigenic composition in antibodies from single cells. 

I. Heterogeneity of antigenic composition and molecular 

weight. 

Immunoglobulins are divided into 3 major classes 

(IgG, IgA and IgM) depending on the antigenic nature of 

their heavy chains ('l , o{ and p.) respectively (Cappellini 

et al. 1964). Each heavy chain can be combined with 

one of 2 kinds of light chain, ( I< or 1'..) • Bernier and 

Cebra (1965) found that individual human cells usually 

contained 1 of the 3 types of heavy chain, together 

with 1 type of light chain, although 2 types of light 

or heavy chain were occasionally detectable by mixed 

fluorescence. Mellors and Korngold (1963) reported 

that the 3 immu.noglobulin types appeared in different 

human cells, although IgG and IgM globulins were some-

times identifiable in the same plasma cell. Similar 

fluorescence studies convinced Schoenberg et al_. (1965) 

that Ig'M was produced in "non-phagocytic mononuclears", 

in the rabbit, while IgG was made by plasma cells, 

although they felt that the reverse could sometimes hold. 



- 44 -

By contrast, Chiappino and Pernis (1964) reported that 

in the red pulp of human spleens, single cells contained 

either IgG or IgM globulins separately, and that no 

consistent morphological difference could be found 

between the 2 groups of cells. The recently discovered 

hum.an immunoglobuiin, IgD, has also been described as 

occurring in a separate group of cells, which, like IgM 

and IgG producers, may be "large lymphocytes", or 

immature or mature plasma cells. (Pernis et al. 1965). 

Indi viduaI variants of the main immunoglobuiin 

groups may be recognizad serologically as allotypes. 

Weiler (1965), used enhancement of plaque formation by 

anti-allotype antiserum to distinguish the allotypes a£ 

antibody from single cells. He found that in heterozygous 

rabbits, individual cells tended to produce only one of 

the 2 antibody ailotypes. Similar]y~ Cebra et al. (1966) 

reported that different allotypes of rabbit immu.noglobu:tin 

heavy chains, identified by fluorescence, were contained 

in different cells. 

The molecular weight of an antibody molecule 

obviously depends on its structure, and the terms 11 Ig1VI 11
, 

and urgG- 11 are often used as synonyms for "19S" and 11 ?S 11 

gamma globulins. However Kim et al. (1964, 1966) have 

demonstrated an IgG, 19S globulin in mice and piglets, 

which suggests that S values should be used to describe 
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antiboxlies when sedimentation rate, but not ~ntigenic 

composition, is known. Direct evidence for hetero­

geneity in the molecular weight of antibody proauced 

by single cells comes from Nossal et a1. (1964). 

These workers extracted antibody from individual lymph 

node cells of rats immunized with Salmonella flagella~ 

and titrated it in microdrops. The antibody was 

characterised by treatment with mercapto eth ano1, and 

in some cases with a specific rabbit anti-rat 7S gl®bulin 

serum as well. Of 123 antibody-forming cells, 42 were 

found t~ contain 19S antibody, 64 7S and 17 both. The 

double producers were most common at times when a switch­

over from 19S to 7S antibody was occurring in the serum. 

No consistent morphological difference between the 3 

classes was found: almost all the active cells wera 

identified as blasts, immature or mature plasma celJLs. 

It was suggested that many cells or clones synthesize 

first 19S, and later 7S antibody with the same combining· 

sites. 

II~ Heterogeneity of antibody specificity. 

In different experimental situations, from Oto 45% 

of the antibody-forming cells from multiply immunized 

animals have been found to produce antibodies of 2 

specificities. Friedman (1964) examined some thousands 
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of plaque-forming cells from the spleens of mice immunized 

with sheep and chicken red cells, using J -erne-type prepara­

tions with mixtures of both target erythrocytes in the 

agar. All plaques were "hazy" and involved lysis of only 

one of the red c.ell types: none was clear, as would have 

been expected around cells releasing both antibodies. 

Nossal detected 1.8% of double producers among antibody­

forming cells from rats immunized with 2 or more non-cross­

reacting salmonellae (Nossal and Makela, 1962a). 

Attardi et al.. (1964), described a higher incidence of 

cells producing antibody to 2 unrelated phages: the exact 

proportion of ~oubles calculated depended on arbitrary 

(although. stringent) confidence limits, but was of the 

order of 10%. Finally, Hiramoto and Hamlin (1965), 

immunized guinea-pigs with human gamma globulin,, then used 

paired fluorescence to detect cells containing antibody to 

1 or both of 2 distinct determinan~s on the same antigen 

molecule: 45% of the active cells contained antibodies 

to both determinants. 

One of the main aims of studies of this type has beel!l 

to estimate the range of antibody-forming potential of 

single cells from an analysis OI their phenotype. In all 

cases the number of double producers scored has been a 

minimum estimate. Many of or all of the antibody-

forming cells could have been manufacturing antibodies with 
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specificities undetectable by the tests used. One 

would like to kno,v how much antigen is "read" (in the 

instru.ctive or selective sense) by the potential 

antibody• form.ing cell, and how the antibody specificities 

which it produces are distributed among the different 

molecules released. A mo~e systematic method of 

investigating this problem is tentatively proposed in 

chapter 6. 
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E. AIMS OF THESIS 

(1). To develop new methods, based on the Jerne­

Ingraham plaque principle, for detecting and character­

izing individual antibody-forming cells. 

(2). Application of these methods to a study of the 

nature of antibody-forming cells, and the antibody they 

produce, in different model sys~ems. 

(3). To define ways of obtaining direct information 

about the developmental history of these cells. 



CHAPTER 2. 

DETECTING SINGLE ANTIBODY~FORMING CELLS. 
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The plaque techniques of Jerne e.t al. (1963), and 

o1f Ingraham and Bussard (1964) for assaying single 

antibody-forming cells involve the lysis of erythrocytes 

suspended in three dimensions around the active c~ll.s in 

a supporting medium, agar O!t' methyl cellulose. Maximum 

sensitivity with this system would be expected if a 

sing1-e layer of ]lymphoid C"ells and target erythro·cytes 

were examined. This chapter describes a method which 

allows the detection of cells producing antibody 

sufficient to ]yse only 10-20 adjacent erythrocytes 

A. THE FREE SUSPENSION TECHNIQUE. 

I~ Description. 

A sheet o~ paraffin wax 2cm x 4cm and lOp- thick is 

cut with a microtome, and 2 holes 1cm in diameter punched 

near either end of the sheet with a cork borer. 

sheet is dried on to a microscope slide forming 2 

This 

shallow chambers. A suspension o~ the lymphoid c/ells· 

to b~ examined* is made in Eagle's medium at o0c, and 

C;Omplement and target er-y-throcytes are added to final 

concentrations of 10% and 6% respectively. The mixture 

is warmed to room temperature for a few seconds, and a 

* Preparation of single-cell suspension from lymphoid 

tissue is described in appendix 2.1. 
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small drop (about lOp.1) is pipetted on to the glass 

at the edge of a chamber. A round coverslip 1.3cm 

in diameter, is iowered slowly on to the drop, which 

spreads to fill the ~ham.bar and overflows it. Excess 

fluid is sucked off with filter-paper from around the 

edges of the coverslip, which settles on to the rim of 

paraffin beneath, and the chamber is sealed with a 

heated mixture of equal parts 0£ paraffin wax and 

"Vaseline". This is most easi]y applied with an open-

ended tube of the same diameter" as the c·overslip. 

When the slides are incubated at 37°c, plaques begin 

to appear in the monolayer around haemo:ipin-producing 

cells within l-2 minutes. A maximum number may be 

counted after 20 minutes. ( Figs. 2.1 - 2.4.) 

II. Quantitation. 

(a). Calculating the proportion of active cells. 

The area of each chamber is calculated from 2 

measurements of its diameter taken at right angles 

to one another. Accurate measurements can be made 

under a stereomicroscope at XlO bYt· holding the slide 

over squared graph paper. The total number a£ 

]ym.phoid ~ells in a chamber is estimated by counting 

these cells in several high power fields of accurately 

calibrated area. The proportion of plaque-forming 
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Fig.2.1. A "free suspension" chamber. A circular coverslip 
has been sealed over the cell monolayer with paraffin-"Vaseline" 
(heavy black ring). A small proportion of mouse spleen cells 
is producing plaques by lysis of adjacent lipopolysaccharide­
coated sheep erythrocytes. (x5) . 

Fig . 2.2. Higher magnification oif part of a chamber: a~lls 
f rom the lymph node of a mouse immunized with sheep erythro­
cytes~ (x20). 
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Fig. 2.3. Mouse lymph node cell producing a rather small 
plaque by lysis of adjacent sheep erythrocytes. Since 
there are several_ lympoid cells near the centre of this 
plaque, it is not possible to be certain which one is 
active. (xlOO approx). 

Fi g . 2.4. Phase contrast view of a very small plaque, 
probably produced by antibody from the large central cell. 
Sheep red cell ghosts are visible. Inactive nucleated 
cells may be seen to the left of the plaque. (x500 approx) • 
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c~lls in the test suspension may now be calculated 

from the expression 

N = 7.4 x 104 x P ••••••••••••••••••••••••• (1). 
A H 

where N - number of plaque-formers/10 6 lymphoid cells 

A - area of the chamber in mm.2 

P - number of plaques in the chamber 

H' = average number of lymphoid cells in a high 

power field. 

Expression (1) is derived in appendix 1.1. 

Of the 3 variables in this expression, A is easily 

determined with an error of less then 2%. The only 

significant uncertainty in the estimate of N from a 

single chamber arises from P and H. The number of' 

plaques counted, P, would vary in Poisson fashion 

between an ideal set of chambers each containing the 

same total number of lympoid cells. Counts of IL in 

a single chamber would also be expected to follow a 

' Poisson distribution lf the cells were evenly distri-

buted throughout the chamber. A theoretically derived 

expression, ba£ed on these assumptions, which relates 

the variance of N to the variance of P and H, is 

given in appendix_l.2. 

(b). Empirical test of error. 

An experiment was designed to test the variation 
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TAmiE 2.] 

Repeat:ed, estimates of the proportion of plaque-forming 
cells from different samples of the same population. 

A= area of chamber in mm.2• 
6 N = estimated number of plaque-forming cells/10. 

H = lymphoid cells in a high-power field. 

Chamber Plaques Area Estimated Counts of Variance/ 
no. counted A2 active 6 lymphoid mean 

mm cel1s/10 cells in for H. 
N high-power 

fields, H. 

1 11 85 497 23,24,15 ,15 1.26 2 17 88 752 23,23,16,15 o.88 
3 11 86 902 16, 11, 9, 6 1. 69 
4 9 93 551 14,18, 9,11 1.18 5 14 93 531 20,16,24,24 0.70 6 17 86 790 12,25,16,21 1.75 7 10 90 362 24,26,21,20 0.33 8 8 85 336 26,17,22,18 0.82 9 44 90 720 53, 60, 51, 37 1.84 10 33 85 477 63,64,66,48 1.13 11 36 86 503 66,77,33,70 6.30 12 31 88 507 45,67,44,70 2.20 13 15 86 226 67 , 5 7 , 64, 41 2.35 14 17 90 251 58,60,57,48 0.56 15 19 90 411 27,38,41,46 1.70 16 34 86 568 53,49,51,53 0.07 17 24 88 345 60, 62, 56, 56 0.15 18 32 83 610 51,45,43,48 0.25 19 36 93 600 47,59,41,44 1.30 20 30 86 420 62, 61, 60;, 54 

66, 68, 61, 53, 
68,62 . 

Total 448 ro , 359 2~6. 89 Mean 22 . 4 518 1.34 
Variana:Q 30 , 170 s.n. 174 

·, i,i·'.l ~ \'1 o!V ·~ I'.; , , ,. ·11 - 1 
· ' 1 l_ ,~ ~.".! .# ·· ~ ·,<; .J '11 , , ,j", •.I.' ,, ,, J 1. - -
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between repeated estimates of N. from the one population 

0£ lymphoid cells. Twenty chambers were prepared, 

each containing a sample from the same suspension of 

popliteal lymph node cells of mice which had been 

injected in each foot-pad with 108 sheep erythrocytes 

5 days previously. For each chamber, plaques were 

counted and an estimate of W made. The mean and 

variance of counts of H were calculated, and a "best 

estimate" of the varience of all possible counts of 

H for each chamber was made by multiplying the observed 

variance by n/n-1, where n = number of counts of H. 

This variance was then divided by the mean of Has a 

test o~ conformity to the Poisson distribution. 

Results are shown in table 2.1. The mean a£ 

estimates of N was 518 plaque-forming cells/ 106 

total lymphoid cells, with a standard deviation o.f 174. 

The mean number of plaques counted per chamber was 22.4. 

If variatiom between estimates of N: depended only cnm. 

Poisson variability in P, the standard deviatio~ 

expected would he -/22.4 x 100~ = 21% of the mean, i.e. 109. 
22.4 

In fact, it is 1.6 times greater than this. The 

increased variation is largely due to the error in 

estimating H. 

The ratio of variance to mean for counts of H 
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varied between ehambers from 0.15 - 6.30 with a mean 

of 1. 34. While Low values for this ratio could arise 

by chance in small samples from a true Poisson distribu­

tion, the occasional values much higher than 1 suggest 

that lymphoid cells are not evenly spread in the chambers. 

Other similar tests have confirmed this. 

In the experiment described here, the munbers o:f· 

plaques c_ounted in each chamber and the numbers of 

lymphoid Qells per high power field were relatively 

small. Under o ptimal aonditions, when about 100-150 

plaques appear in a chamber containing approximately 

100 nucleated Qells in each high-power field, the 

variance o:f repeated estimates of~ is found to be 

about 1.3 times as high as would be expected frollll 

Poissonian variability in the plaque c_~ount alone. 

(c). Assigning confidence limits to N. 

One of three procedures was followed: 

( i). Thirty to one hundred and fifty plaques were: 

counted per chamber, and about 4 times as many cells in 

high-power fields. It was then assumed that estimates: 

of N would be normally distributed with a variance -

L 5x= Poissonian. So if 100 plaques were counted, 

cronfidence limits would be+ 30% of the estimated value -
of N. 

(ii). Equation (3) from appendix 1.2 was used. 
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{iii). Where accuracy was critical, experiments were 

designed with an internal check on the variability of· 

the test. 

{d). Other sources of error in the test. 

{i). Expelling dissolved gases: The mixture of 

]ymphoAfr cells, erythrocytes and complement in Eagle's 

medium was always warmed tX> room temperature before 

pipetting into a chamber tn prevent the formation of 

air-bubbles on incubation. 

(ii). Filter paper was often used to suck excess 

fluid from under the coverslip during the 11plating" 

procedure described in section I. Differential 

Qounts of the mixture of cells remaining under the 

coverslip before and after this treatment showed that 

large cells were not selectively removed. 

(iii). The use of heated paraffin-"Vaseline" to seal 

the test chambers did not appear to damage eells: 

plaques were no less common at the edges of the chambers 

adjacent to the sealing mixture than in the centre of 

the monolayers. 

{iv). Occasionally, movement occurred in a monolayer· 

during incubation. This could readily be detected by 

the distortion 0£ plaques; such chambers were discarded. 
. ~ ,~\,\..r 

Slides could be handled quite roughly/ disturbing the 

monolayers, provided they were kept approximately 

horizontal. 
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(v). Overlap: Chambers were discarded if sufficient 

plaques developed to cause significant overlapping 

errors {appendix 1.3). Usually up to 150 plaques 

could be cnunted in one chamber. More could be 

counted if a short period of incubation(15 minutes) 

was used, since plaques then remained relatively small. 

(vi). Counting nucleated cells: For c,onvenience, the 

~ymphoid c~lls in high-power fields were often coun~ed 

inside plaques. ~o difference is· expected ( or found. 

experimentally) between such counts made within or 

outside plaques, since the lymphoid cells ~o not move 

appreciably after the monolayer forms. Iiowever~ this 

procedure involves selecting fields which contain at 

least one nucleated cell, and could conceivably result 

in a significant overestimate of the number of lymphoid 

cells in a chamber if these were present at very 1ow 

concentrations. Quantitative. tests were always done 

at a lymphoid c~ll concentration of more than 10 per 

high-power field, when this effect was negligible. 

A similar potential source 0£ bias in estimates of the 

number of relevant lymphoid cells per chamber is the 

occasional nucleated cell among the sheep erythrocytes. 

Examination of chambers containing sheep blood cells 

alone showed that these nucleated cells were rare enough 

to be ignored. 
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TABLE 2. 2 
Effect of washing antibody-forming cells, and of 

holding them at o0c before plating. 
W= "washed 11 • (2 cycles oJf centrifugation at 240g) • 
tifi- "unwashedtl. 

Washed Time held No. of Estimated no. 
or before plaques plaque-ffrming 

Unwashed flatinr counted cells/10. 
hours ±95% conf. limits . 

u 0.5 45 515 + 230 
w 0.5 24 378 + ,2,31 -
u 1.0 22 479 + 306 -w 1.0 37 495 ± 244 

u 1.5 41 639 + 299 
w 1.5 19 408 + 281 -
u 2.5 18 1120 + 795 
w 2.5 14 449 + 360 -

TABLE 2.3 
Effect of complement concen1tratioN on number of 

plaque-forming cells detected. 

Final 
concentration 
of complement 

% 

10 
5 
2.5 
1.25 

No. of 
plaques 
counted 

220 
32 

7 
0 

Estimated no. 
plaque-forming 
cells/10' . 

561 + 113 
506 + 268 
180 + 200 (plaques tiny) 
( 10 -
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III. Standardizing conditions of the test. 

(a). Washing cells, and keeping them at o0c. 

A suspension of spleen cells from a mouse 

immunized against sheep erythrocytes was divided in 

half. One half of the cells were washed twice in 

Eagle's medium by centrifugation at 240g. The others 

were unwashed. The 2 suspensions were kept at o0 c 

and assayed at 0.5, l.O, 1.5, and 2.5 hours after 

killing the mouse~ Table 2.2 shows the results. 

The difference between "washed 0 and "unwashed" 

groups is not significant at the 5% ievel, althoUJgh 

the tendency towards lower numbers of active cells 

in the ".washed" group may indicate some cell damage 

due to washing. Cells were usually washed only once~ 

tn remove serum haemolysin. Holding cells at o0 c f01r' 

2i hours does not appear to harm them: there is no 

significant difference between any of the 4 pairs. 

(b). Concentration of complement. 

Table 2.3 shows the effect of complement con~em­

tration on the numbers of plaque-forming cells detected 

in samples from, the same suspension of immunized spleen 

cells. A concentration 0£ 10% was used with the mouse 

anti-sheep red cell system. 

(c). Time OJf incubation of chambers. 

Repeated readings on 4 chambers containing mouse 
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TABLE 2.4 

Effect of time of incubation on number of plaques 

counted. 

Time No . of plaques counted in Total plaques 
after chambers: in the 4 
plating I 2 3 4 chambers. 

(mins.) 

20 20 18 9 13 60 

40 20 22 10 I3 65 
60 23 22 13 11 69 
90 20 22 12 12 66 

120 21 23 11 11 66 
300 19 23 11 11 64 

I 
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plaque-forming c~lls are recorded in table 2.4. 

~early all plaques were visible at 20 minutes and a 

maximum could be counted at 1 hour. This agrees 

with observations made on the rate of growth of 

plaques (section IV). Very small plaques sometimes 

disappeared after proionged incubation (see section IV 

for explanation). 

(d). Age and origin of red e'ells. 

Red cells from different sheep, and cells kept 

for varying times at 4,0c before use always gave the 

same results in plaque tests. However, the same batch 

cm' erythrocytes was always used for all mice in any one 

experiment .. 

(e). Concentration of red cells in chambers. 

A final concentration of about 6% red cells in the 

plated mixture was used. Varying this concentration 

within fairly wid~ limits did not affect the number of 

plaques counted~ but it did alter the ease with whi<m.· 

plaques were detected. At very low red e.ell ~oncen~ra-

tions, plaques were large but indistinct; at high 

concent:rlitions, plaques were clear-cut, but very small 

ones tended to be obscured. 

(f). Other factors. 

Variations in age (6 - 18 weeks) and sex of mice 

did not significant]y affect their ability to produce 

plaque-forming cells in one small-scale trial. 
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Fig. 2.5. Ratg of change in the diameter of 2 plaques 
incubated at 37 c. The area usually increases linearly 
with time for the first hour in all but very small plaques . 
The apparent lag phase of about 4 minute~ is probably due 
to the time taken for slides to reach 37 C. 
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This was not further investigated since mice of the 

same age (usually 10 - 14 weeks) and sex. were generally 

used to compare the effects of different treatments om 

production of antibody-forming cells. 

The dose/response and response/time curves in the mouse 

anti-sheep red cell system are discussed in Chapter 5. 

Increasing the size of individual chambers for the 

free suspension assay is unsatisfactory. The coverslip 

appears trn sag in the centre of large, non-partitio:med 

chambers, and movement of cells by convection is more 

common than in the standard chambers. The relatively 

small number of lymphoid cells which can be assayed by 

the free suspension method (about 300,000 per chamber) 

remains the chief drawback of the technique. 

IV. Dynamics of plaque formation. 

(a). Rate of growth. 

Direct proof was obtained that plaques arise by 

the diffusioru of haemolysin away from a central cel1 

when a large number 0£ plaques were observed during 

formatiorrat 37°c. The area of nearly all plaques 

increased in roughly linear fashion with time for the 

first 45 .- 90 minutes of incubation (fig. 2.5). This 

wouJld. b~ expected if antibody is released at a steady 

rate. (The chambers are three dimensional but their· 
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height, 10-20p., is negligible ~ompared with the diameter 

of most plaques). A lag period of about 2 minutes as 

the preparation rea~hed 37°c was seen before this phase 

of linear growth. After an hour at 37°c, plaques 

usually stopped growing and often decreased slightly in 

size, presumably because the surrounding intact 

erythrocytes, which were always in Brownian movement, 

met less resistance towards the direction where all 

their neighbours had ]ysed. Very small plaques were 

sometimes c~mpletely obliterated after about 2 hours. 

Many o_f the nucleated cells in these chambers showed_ 

signs 01f degeneration after several hours at 37°c. 

They probably a~ased to form antibndy because of local 

changes in the concentration oxf' metabolit~ ~ Cells 

incubated in unsealed petri dishes in Eagle's medium 

kept at a e.onstant pH with CO 2 have been shown to) 

retain their plaque-forming capacity for up to a week 

( chapter 7. ) 

{b). Range of sizes. 

One of the most striking features of the plaques 

which are produced by cells from a mouse immunized 

with sheep erythrocytes is their great range of sizes. 

The Iargest grow to almost 1mm in diameter, and the 

smallest may involve the lysis of only 10 - 20 red 

cells (fig. 2.2). 
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No doubt some cells produce undetectable amounts of 

antibody. The variation in plaque size may b·e due 

either to differences in the number of antibody 

molecules released by different c::ells or to differen~es, 

in the lytic efficiency o.f'- the antibody. By contras t, 

when cells from mice immunized with Salmonella 

lipopo=Iysaccharides are incubated with antigen-sensitised 

sheep erythrocytes (section B II), the -majority ~f 

plaques are roughly uniform in size, about 300-400p. in 

diameter (fig. 2.1). One interpretation of this 

difference between the 2 populations of antibody-

forming cells is that lipopolysaccharide antigen gives· 

rise to cells which are nearly all producing approx­

imate]y the same amount of antibody, while erythrocytes 

stimulate the appearance of ~ells releasing much more 

variable quantities· of anti body-. This seem unlikely. 

The difference is probably due to the much greater 

complexity of the, erythrocyte antigens. Many of tlrue 

cElls which give rise to small plaques when incubated 

amongst sheep erythrocytes are probably releasing 

antibody which has low haemolytic efficiency because 

it is directed against some relatively uncommon or 

inaccessible antigenic determinant on the surface of 

the erythrocyte. 
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TABLE 2.5 

Comparison of the sensitivity of the "agar plate" and 

'!'ree suspension " techniques for detecting single 

antibody-forming cells . 

Origin ~ours I Antigen 
of after 

cells primary 

Calculated 6 plaque-formers/lo ) 
nucleated cells 

Mouse 
spleen 

Mouse 
spleen 

Mouse 

stimulus 

96 

144 

lymph I 120 
node 

Sheep 
efferen1 83 
JJymph 

Agar plat e [Free suspension 

A I Es ---- -- ·t-_!_~_ I B* I I l 

:ro8 sheep 
rbc 1090· 

108 sheep 
rbc 67 

108 sheep I 232 
rbc 

109 boiled 
Salmonella! <. 10 

muenchen 

1030 2880 I 2160 

40 144 I 134 

215 875 I 950 

(10 11200 110500 

*Plaques were counted by me (A), and by an independent 
observer (B1. 
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V. Sensitivity o-:f the method,. 

Suspensions of cells from the spleens or 2ymph 

nodes of mice immunized with sheep erythrocyt-,es were 

assayed by both "agar plate" and "free suspension_" 

techniques. The results (table 2.5) show that the 

modified technique is about 3 times more s -ensitive 

than the J 'erne method. Included in the table is a 

cromparison of assays for cells forming antibacteria1 

antibody from the popliteal lymph of sheep (chapter 4). 

The very small areas of lysis which these cells 

produce were undetec-table by the Jerne technique and 

were probably obscured by intact red ctells above or 

below regions 0£ Iysis in agar. 

VI. Immuno-eyto-adherence. 

The adherence of erythrocytes t-0 lymphoid cells 

was first used as an index: of antibody production by· 

Nota et al. (1964), and by Zaalberg (1964). This 

phenomenon has been investigated in chapter 4. 

Immuno~aytoradherence is readily detected by the 

standard free suspension technique, both in the 

presence and absence of complement. The concentra­

tion 0£ target erythrocytes must be carefully adjusted: 

if they are tno closely packed, weakly positive lymph~i d 

c.ells are not detected; if they are too far apart, 
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adherence of erythrocytes and lymphoid a~lls cannot 

occur. A concentration of 3 - 4% is optimal (fig. 2.6). 

B3. APPLYING THE PLAQUE TECHNIQUE TO OTHER SYSTEMS. 

I. Other red cells. 

Erythrocytes from 20 vertebrate species were 

tested for their ability to stimulate production of 

plaque-forming cells in adult CB~ strain mice. Mice 

were injected intravenously with 0.2 mJl of a 1/10 

suspension of the test erythrocytes, and their spleens 

assayed 4 days later. Results are shown in table 2.6~ 

Red cells from sheep,:; goat, eow, fowl, pigeon, horse, 

frog~ fish, opossum, and eehidna gave good resu1ts. 

Rabbit refu c~lls were usually suitable but sometimes 

failedL t jo prov.roke the appearance of plaque-forming 

cells., 

A number of these erythrocytes were tested for 

cross-reactivity with one another (table 2.7). Sheep 

red c.slls cross-reacted· extensively with goat c:ells 77 

and to a ] _esser extent with erythrocytes from a cow. 

Nb other strong cxoss-reactions were found. 

II. Bacterial endotoxins. 

Lipopolysaccharide (endotoxin) was extracted from. 

several species· of enterobacteria ( table 2. 8) as 

described by Halliday and Webb (1965). When red cells 
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TABLE 2.6 

Red blood cells from various species as antigens in 
the mouse. (Unbracketed figures represent the response 
of single mice 4 days after primary I/V immunization. 
Figures in brackets are the approximate mean peak responses 
of more than 5 mice in different experiments) . 

Immunizing ,,~Pla que-forming 
red cells cells/10 

Sheep 

Fowl 

Pigeon 

Horse 

Rabbit 

Guinea-p i g 

Human ( grp 0 ) 

Goose 

Rat 

Dog 

Cat 

Goat 

Kangaroo 

Echidna 

i 
I 
I 

I 
I 

r 
I 
I 
I 

I 

I 
I 

·1 

i 

I 
I 

I Cow 

P i g 

Frog 

------··---.. ~---! 

Fish (carp ) 

Opossum 

Mouse ( C57/Bl 
i n CBA) 

Mouse (CBA in 
C57/Bl) 

·-·· -------
(1000) 

( 700) 

(1100) 

( 500) 

( 700) 

< 20, < 20 

< 20 

20 

50 

( 10 

100 

1330 

( 10 

700 

840 

<. 10 

370,340 

900 

1300 
( 10 

<.10 

-·--- -------· -·--· .. -- - -- ~ 

Approximate 
maximum 

plaque size 
(p.). 

~---·--------··----·--·---

. ! 

! 500 . 
. I 

150 l 
150 I 

I 
400 

200 

Only 2 small 

I 

! 

I 
I 
i • I 

I 
I 
i 

plaques counted. 1 
I 

Only 5 small i 
I 

plaques counted.~ 

130 

300 

400 

400 

150 

130 

300 

I 
i 

... ~ .. ·---.-·----------



TABLE 2.7 

Cross reactions between red c·ells tested as antigens 
in CBA mice. (Eac.h fiFre represents the number of 
plaque-forming cells/10 spleen cells in l mouse testea 
4 days after immunization. Figures in brackets c.ompare 
peak responses to the immunizing red cells). 

Immun- T e s t r b C S 
izing · 1 I I 
~cs. Sheep j Fowl !Pigeon . Horse Rabbit Goat 1cow 

! <10 ! I Sheep (1000) i <. 20 <10 <10 430 200 
I I I i 

I I I l l I I 
Fowl < 20, <10 I < 100) I ( 10 <10 I ( 10 I 

I 
! 

I I I 

I ' I 
Pigeon 

I 
(1100) <20,<10 j <20 <10 <10 I 

(10 I <10 l I 
I 

! 

j 

Horse (10,(10 <10 <10 (500) <10 I 
< 10 i I 

Rabbit ( 20, <10 <20 <10 <10 I (700) I i I 
l 

I 

I 
I 

Goat 530 1(1330) 350 

Cow 100 100 ( 840) 
-
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TABLE 2.8. 

Plaque-forming cells produced in response to single injec­
tions of isologous red cells sensitised with lipopolysac~haride 
from 1 of 5 species 0£ enterobacteria. 

(Each figure is the no . of plaque-forming cells per 10
6 

spleen cells in 1 mouse 4 or 5 days after injection). 

Antigen 
(lipopolysac~haride) 

Salmonella muenchen 

E.coli 

SMgella s :onrrei 

Shigella flexneri 
. -- -

Proteus vu.lgaris 

I 

I 

I 
I 
I 

l · 

4 days 5 days 

90,150,340,180,88, I 550, 30 
100,77,.!60. 

I 
i 

420, 15,20 5,20 

120,100 50 

15 45 

40 45 
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were incubated with this, extract, they became coated 

with the lipopo]lysac::charicie and suse;epti ble t .o lysis 

with immune serum. Mice were immunized with 

iso.ill.ogous red cells CX)ated with the lipopolysac,charid 

(Moller,. ]9 65). Four 0rr- five days after :ilmmunizatiollll 

their spleens contained antibody-forming cells which_ 

were ab:ie tQ) p,roduce pJLaques when incubated in a 

monolayer of sheep erythrocytes s·ensi tis'ed with the 

antigen. Ry cnntrast, mice injected with boiled 

bacteria OT with free lipopolysac~naride respomued 

very p_.oorly. Tab:ie 2. 8 shows the response of mice to 

antigens from several species 0£ bacteria. 

In order t-0 estimate how much 01f the available 

antigem was ads·orbBd to the surface of iso].ogous red 

eells, ands~ injected into the immunized mice, an 

assay for free lipopolysae=e>haride was developed usi ng: 

iinliibition of the lysis o~ sensitised sheep red e.e11s 

by immune rabbit serum. It was :found that a 10% 

suspension of mouse erythrocytes in saline adsorbed 

approximatelly one hall of the availabl_e lipopoly­

saa;c-haride over a wide range of c~oncentrations when. 

the two were incubated together for l hour at 37°c. 

As an upper ]im.it, 0.1ml of packed mouse erythrocytes 

c:.X>uid adsorb 50µgm 0£ the crude lipop·olysaccharide. 

Table 2.9 shows the response of mice to different 
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TABLE 2. 9 . 

Response of mice to isologous red ~~lls coated with different 
amounts of lipopolysac~haride from Salmomella muenchen • 

(Each figure from pooled spleens of 3 mic e assayed 5 days 
after primary 1/V injection. Each mouse received 0.05ml 
rbe~ with a variable amount mf conjugated lipopo]ysaccharide) . 

Concentration Estimated total Plaques Estimated 
of' crude amount of ~ounted plaque-
lipopolysacc. lip op olysac c;. forming 6 
in sensitising received per c:ells/10 • 
solution mouse 
(p.gm/ml) (µ.gm) 

200 25 150 640 
100 25 155 920 

50 12. 5 20 63 
25 6. 3 12 18 
12.5 3. 1 17 56 

6.3 1.6 2 5 
3.1 o.8 2 10 
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doses of lipopolysaccharide from S. muenchen. There 

is a rapid]y decreasing effect with amounts of antigen 

less than 25p.gm.. This may explain the poor response 

of mice to the lipopolysaccharies of some other 

enterobacteria in pre]im.inary experiments (table 2.8). 

III. Sheep ]lymphocytes as antigens. 

Cells from the spleens of mice immunized by 

intravenous injection of approximately 108 sheep lympho­

cytes were incubated in' standard chambers, with the 

sheep lYiJD.pho~cytes replacing erythrocytes as 11 target" 

c~lls in the monolayers. Complement and trypan. blime 

were present in the mixture. A search was made foF· 

plaques o:if blue~·stained lymphocytes killed by cytotaoci.c 

antibody- from individual mouse cells, but none was 

found. 

IV. Other antigens. 

Unsuccessful attempts were made to use the plaque 

technique in mice with a variety of target proteins 

conjugated to sheep red cells. One reason for this 

lack of success may have been the poor antibody res-

ponse of mice to the injected proteins. Also 

unfruitful were attempts to detect antiprotein 

ant~body released from single cells by the local 
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TABLE 2.10 .. 

Plaque- forming c_,alls fro.m the spleens of adult fowls at 
various times after I/V injection of 3 x lOq sheep red 
cells. 

(Each figure represents the mean response 0£ 2 fowls) . 

Days after Plaques Estimated 
injectioru of counted plaque-forming 
sheep rbcs. C!ells/lOG. . 

0 2 5 
2 1 3 
4 105 300 
6 30 180 
8 8 62 

10 7 36 
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precipitation of antigens ]abelled with r131• Cells 

from1immunized mice were incubated in a film of agar· 

on a slide aa in the agar drop method of Sterzl and 

Mandel ( 19 64) • Heavily ]labelled antigen was applieQ 

for varying times, then the preparations were washed 

to remove free antigen. The agar was dried ~o a thi:m 

film and stripping film was applied in the hope of 

detecting any lab~lled antigen retained in areas where 

antibody had been produced. Lack of suc~ess may have 

been due t.:o washing out oif very small precipi tat.es 

from the agar. 

V. Animals other than the mouse. 

(a). Fowl. 

Cells from adult fowls intravenously injected 

with 3 r 109 sheep red c~l].s produced small plaques 

(mostly ]ess than 200p. diameter) in one experiment. 

The time course of the response (table 2.10) was mueh 

the same as for mice reacting to sheep erythrocytes. 

(chapter 5). 

Chick embrr-yos were injected at 11 days of 

incubation with sheep erythrocytes (2.5 x_ 105, 

O!t' 5 x: 106, or 108, in 0.1ml). Spleens were assayed 

5 and 7 days later, when no plaque-forming cells 

were found. 
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(b). Sheep. 
,;:....· -----

The response of sheep Iymph nodes to entero­

bacterial antigens is described in chapter 4. 

Plaque-forming cells have been found in the efferent 

lymph from popliteal nodes of sheep stimulated with 

fowl red cells, but not when horse red cells were used 

as antigen. Morris (personal communication) found 

that repeated injections of human erythrocytes did not 

give rise to plaque-forming cells in the sheep. 
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C. DISCUSSION. 

The "free suspension" modification of the Jerne 

plaque technique has three main advantages: 

(a). All cells in a monolayer are unobscured, and 

may be examined at high magnification. True plaques 

(as opposed to such artefacts as the clear areas 

produced by air bubbles or pieces 0£ dust), satisfy 

the following criteria: ±hey are circular with at 

least o:mnucleated cell near their ~entre; red cell 

ghosts filll the area; no foreign material can be seen 

in the plaque. 

(b). About three times as many mouse lmaemolysin­

producing cells are counted with the free suspension 

method as are seen with the agar-plate technique. 

More important, the very small (30 - 40µ. diameter) 

plaques produced by sheep lymph c~lls releasing 

antibacterial antibody were found to be undetectable 

by the Jerne technique. 

(c). Localised agglutination of erythrocytes around 

some antibody-producing lymphoid cells may also be 

detected in the standard chambers (see chapter 4). 

The principal disadvantage of the technique is 

that not more than about 300,000 ]ymphoid cells may 

be incubated in one chamber. 
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The examination of an organ such as the spleen 

for its· content of plaque-forming cells involves the 

preparation of a single ~~11 suspension, when a 

proportion of the cells are destroyed. In any such 

test for activity of individuals from a population ~f 

cells, it can be said that the conditions ~f preparation 

and testing may affect some types ~f active c~ll 

selectively. For example, a class of antibody-

forming crells may exist which is particularly sensitive 

to centrifugation. Another group may produce antibody 

0£ a type which is not detected by the plaque test. 

This problem of possible selectivity in the assay seems 

unavoidable. The best that can be done is always to 

examine cells in a standard way. 

The accuracy of the plaque technique has been 

examined empirically and theoretically. It depends 

on the number 0£ plaques counted, and on the accuracy 

®f the estimate of the total number of lymphoid c·ells 

plated. The latter improves, but with diminishing 

returns, as the ~ells in more high-power fields are 

scored. An efficient compromise is to count about 

four times as many lymphoid cells as plaques,, when the 

variance of repeated estimates of the proportion of 

cells forming plaques is about one and one-half times 

as high as would be expected from Foissonian errC>Jr in 
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the plaque count alone. If 100 plaques are e,ounted, 

95% confidence ]imits are about+ 30%. -
Antigens which may be used in the plaque test 

include a range of erythrocytes and bacterial 

lipopo]ysaccharidesi. The test has not yet been 

adapted for use with defined protein antigens. One· 

difficulty may be that ~hen proteins are conjugated to-, 

red c~lls, an antigen-antibody reaction involving the 

protein takes place at too great a distance from thei 

cell surface, to initiate ]ysis. However, Hyslop and 

Roeder, (1966) have been able to attach proteins ~o 

red cells in such a way that the red cells ean be 

~ysed· by anti-protein antibody. These sensitised 

erythrocytes may prove suitable for use in the plaque 

test. Merchant and Hraba (1966) have recently succ,eded. 

in detecting cells releasing antibody t .o haptenes by-

]ysis of haptene-coated erythrocytes. The use of· 

haptenic antigens should enable the specificity 01 the 

antibody released by plaque-forming cells to be much 

more precisely defined. 
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D. SUMMARY. 

The standardization of a modified plaque technique 

for detecting single antibody-forming cells is 

described. A range of erythrucyte and bacterial 

antigens has been defined for use with this test in 

assaying antibody-forming cells from mice and sheep. 

The technique will detect ~ells releasing an~ibody 

sufficient to 1yse only 10-20 erythrocytes. 



CHAPTER 3 .. 

METHODS FOR STUDYING THE MORPHOLOGY OF 

INDIVIDUAL. ANTIBODY-FORMING CELLS. 
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In the pre• vious chapter, a sensitive technique 

was described for detecting single antibody-forming 

ru:!lls. These antibody-producers always foJrm a v:eryr 

small proportion of the ]ymphoid_ cells from an immu.Dised 

-

animal. Wothing cran be learned of their m(!))rphology by 

examining the population as a whole; the active ee~].s 

must be identified by a functional test then examined 

individually. This chapter describes new methods for' 

characterizing antilrody-form.ing ~~lls by light and 

electron mricroBcopy. In subsequent chapters, the 

application of these methods to different model systems 

is des·cri bed. 

A. LIGHT MICROSCOPY. 

Staining cells embedded in agar in Jerne-type 

plates gave very p1oor morphological definition. 

Moreover, it was found impossible to smear such cells 

satisfactorily after cutting them out of the agar. 

Cells in the standard assay chambers were inaccessib1e 

because o1f the coverslip used to seal the preparations. 

However, micromanipu.Iation of individual active cells 

was possible when monolayers of lymphoid cells and 

erythrocytes were incubated in microdrops under oil. 

A thin strip of vinyl plastic was painted around 

the edges of a microscope slide to form a shallow chamber, 
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which was then filled with paraffin oiL Droplets OJf 

Eagle's mediunr.~ontaining the lymphoid a.ells to be 

tested together with target erythrocytes and 10% 

c~mplement were blown on to the glass under the oil 

with a fine pipette. These droplets were usually 

1 - 5p.1 in volume and contained several thousand lym­

phoid cells. Stable plaques appeared in the red cell_ 

monolayer around those ~ells producing lytic antibody 

after incubation of the oil chambers at 37°c for 

10 - 30 minutes. 

Plaque-forming cells were now isolated using a 

micropipette about 40p. in diameter at the mouth, 

attached to an improvised micromanipulata)r. Observed 

at XlOO, an active cell was blown clear of its neigh­

bours with a stream o~ medium from the pipette, then 

sucked up and transferred to a c_ell-free collection 

dro12. Several such cells were usually collected im 

one drop. A small volume of serum was then sucked 

into the micropipette, and the isolated cells drawn 

into this serum. The serum was blown gently on to 

a clean slide while the slide was moved backwards and 

forwards with the stage man1pulators of the microscope. 

The preparation was then stained with Leishman1 s stain, 

and the cells found by following the serum trai1. 
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At the beginning or end of an immune response, 

plaque-forming ~ells were so rare that it was necessary 

t o plate out lymphoid ~ells in high concentration im 

the reaction mixture to find any plaques at all. 

This resulted in a large number of nucleated cells being 

present in each plaque. To identify the acti'V'e celi 

from among these, a second plating step was used. All 

the lymphoid cells from a plaque were sucked out, and 

diluted with more medium plus complement and erythro-

cytes, in several fresh droplets. These were then 

reincubated, when the single plaque-forming cell could 

usually be identified. Using this 2-step procedure, 

antibody-forming cells could be isolated and smeared 

when they were as rare as l in 10 6 of the population. 

The method described here demonstrates the 

morphology of individual cells as clearly as a standard 

smear (fig. 5.5). However the technique is time-

consuming, and the "2-step" process particularly so, 

which means that relatively few cells can be examined. 

A proportion of cells is lost during handling: with 

practice, about three-quarters of the antibody-formers 

collected are found undamaged on the slide. Prepara-

tiona of this kind are suitable for high-resolution 

autoradiography (chapter 8). 
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Evidence that cells other than the antibody­

formers are rare]ly, if ever, smeared by mistake ~omes 

from the experiments described in chapter 4. In all 

the populations of sheep cells from which individua1 

antibody-formers were selected, the predominant cel1 

type was the medium l~phoeyte. An inactive cell, 

isolate~- by accident, would most probably have been 

a medium ]lymphocyte. However, nearly 200 active cells 

were individually smeared and stained, and no mediUIIl 

lymphocytes were found among them. 
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B-. ELECTRON MICROSCOPY. 

In selecting c~lls for electron microscopy, 

immuno~cyto-adherence was used as the criterion 0£ 

antibody production in place 0£ plaque formation. 

The technique was devised using sheep lymph c·ells 

(further dsicussed in chapter4). 

Ind:i vi dual ]ympho.id a:ells with erythrocytes 

adhering were transferred to a collection drop. 

All samples were taken at the peak of" immune responses 

when 20-40 0£ the antibody-forming cells could be 

crollected in less than an hour. Rabbit anti-sheep 

red ~ell serum was then instilled into the collecticmm. 

drop, and the cell clusters were gently blown together 

with the micropipette, to form a single clump under 

the agglutinating influence of the rabbit antiserum. 

This clump could then be manipulated free-hand with 

a fine pipette under a dissecting microscope. 

The ciump was fixed in glutaraldehyde (2.5% in 

aollidine buffer) for 3 hours, washed twice in_ 

Millonig' s phosphate buffer then transferred -to os mi1.4n1 

tetroxide (1~ in MiJllonig's buffer) for 3 hours. 

Two washes in osmium tetroxide in Palade's buffer 

followed to remove phosphate, after which the cells 

were stained for 30 minutes in uranyl acetate (1% i n 

aqueous solution), and dehydrated in alcohol. 
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This' rather complicated alternation_ of buffers was 

empiricaJJ.ly found to give best staining of the intra­

cellular membranes. Volumes of all reagents were 

kept small (about 0.1ml in a small tube) to avoid 

losing the sample. Embedding was done initially irr 

a small drop of araldite in a plastic "boat". After 

hardening this initial drop, the boat was filled with 

araldite.- Thick sections were cut until the lymphoim 

cells could be seen between the red cell markers. 

Thin sections were then cut, and overstained with lead 

hydroxide. 

The cells are never exposed to temperatures 

greater than 37°c· before fixation, and appear to be 

undamaged by the rabOJi.t antiserum used in this tech­

nique. Plaque formation has not been used as a 

criterion of antibody release since it was thought 

that the complement required might have damaged the 

c~lls t~ which rabbit anti-sheep antibody was attached. 

However, cells which produce plaques in the presence­

of complement are able to agglutinate the surrounding 

sensitised erythrocytes when transferred to mierodrops 

lacking complement (chapter 4). Plaque-forming cell.s 

could no doubt be used if they were washed before 

transfer to the cnllection drop. 
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The principle of clumping together a number of 

active cells before fixing and embedding greatly 

simplifies the subsequent cutting of sections. 

However, the idea is probably unworkable where less 

the 1 cell in 104 of a population is active; it 

would take so long to collect 20 antibody-formers 

that the first would have degenerated long before 

the last was isolated! In situations like this, 

single cells could be sectioned as described by other 

authors (e.g. Harris et al. 1966). 



CHAPTER 4. 

ANTIBODY FORMATION BY SINGLE CELLS FROM LYMPH 

NOTIES AND EFFERENT IiYMPH OJF SHEEP. 
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In. chapters 2 and 3, methods for the eetection 

and characterization of single antibody-forming cell.s 

were developed. This section describes the application_ 

of these methods to a ~omparative study of the cells 

producing antibody to Salmonella lipopolysaccharides 

in lymph nodes and efferent lymph 0£ sheep. The sheep 

was chosen as an experimental animal because a technique 

exists for cannulatin~ the efferent popliteal lymph 

duct and collecting lymph continuously for several 

weeks; (Hall and 01rris, 1964); the output of ant1body­

form.ing cells from a single stimulated node C'Ould thus 

be studied. 

Evidence is presented that plaque formation and 

immuno-cyto-adherence :lin this system represent the 

release, by active lymphoid cells, of antibody directed 

against antigens on the surface 0£ surrounding sensitised 

erythrocytes. Also, changes in cellular response in 

the popliteal Iym.ph node and efferent lymph with time 

are described. 
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A. MATERIALS AND METHODS. 

(a). Animals. 

Merino ewes and wethers, 1~ to 3 years old, were 

used. 

(b). Surgery. 

aannulation of the efferent duct of the popliteal 

]ymph node was done as described by Hall and Morris 

(1962). 

(c). Immunization. 

A suspension of 108, 5 x 108 or 109 boiled 

Salmonella muenchen in lm1 o~ saline was injected 

subcutaneous]y in the posterolaterai aspect of the 

metatarsal region. For the study of efferent lymph 

cells the lymph duct was cannulated 2-4 days before 

the node was stimulated. Five primary responses 

were followed. Secondary injections were made 7-10 

days later in 2 o1f these sheep; the other 3 prepara­

tions stopped flowing before the secondary response 

was ~ompleted. Two other sheep were injected 5 weeks 

before cannulation, and the secondary response studied 

following a second injection of antigen after ea.nnula-

tion. 

Popliteal lymph node cells were obtained from a 

separate group of sheep whose lymph ducts had not 

been cre.nnuiated. Ni:mnodes were removed from sheep 
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1-8 days after primary stimulation with 109 bacteria. 

Six further nodes were removed following 2 injections 

of antigen, 5 weeks apart. 

Observations on the cells of afferent lymph ha~e 

been made in 2 sheep. Both were given a subcutaneous 

primary injectiom of 5 x 108 boiled bacteria in Freund's. 

adjuvant in the latera~ metatarsus; incomplete adjuvant. 

was used in one sheep, ~omplete in the other. Seven 

days later, afferent lymph ducts were cannulated t .o 

examine ~ymph travelling from the induced granulomata 

towards the popliteal node. Thirteen days after the 

primary injection each sheep received a secondary 

stimulus of bacteria without adjuvant. 

(d). Lymph cells. 

Lymph was collected in sterile 120ml polythene 

bottles. Every 12 hours, the volume of lymph was 

measured, a 15ml sample was centrifuged, and the cells 

obtained were resuspended in their own volume of 

normal sheep serum, then smeared on 2 glass slides. 

Smears were stained with Leishman's stain, and a 

differential count made of 1000 c~lls. 

Approximately 1ml of lymph was obtained direct 

from the cannula every 12 or 24 hours for assaying 

antibony-producing cells. These cells were gently 

~entrifuged out, washed once and resuspended in 
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Eagle's medium at o0c. Lymph nodes were cut up 

with s·cissors, the fragments pipetted vigorously, 

and the resulting suspension of cells washed once. 

(e) Sensitising erythrocytes. 

Washed sheep red blood cells in 0.9% NaC:l 

solution were incubated for one hour at 37°c with 

bacteria]_ lipopolysaccharide prepared by the method 

of Halliday and Webb (1965) (lOOp-g lipopolysaccharide/ 

0.1ml packed red cells). 

( f) . Complement. 

A batch of guinea-pig serum was absorbed with 

one-tenth its volume of sensitised sheep red cells 
0 

to remove antibacterial antibody, then stored at -20 C. 

(g). Assay for antibody-producing cells. 

The free suspension modification of the plaque 

technique was used, as described in chapter 2. Two 

chambers were also incubated in each test without 

complement, and with the concentration of sensitised 

erythrocytes reduced to about 3%. Counts of lymphoid 

cells with adherent red cells were made at X240 

magnification. Up to 5,000 cells were examined in 

order to record at least 20 positive cells. However, 

at the beginning and end of a response, when the pro­

portion of active to inactive cells was less than 

1/1000, it was not possible to estimate accurately the 
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number at' cells causing adherence. 

(h). Examination of active cells by light microscopy. 

Single cells were smeared and stained as described 

in chapter 3. An estimate of the areas of nucleus and 

cytoplasm of many of the cells smeared in this way was 

obtained by tracing their projected images on paper 

(x3,500), then cutting out and weighing the paper. 

(i). Electron microscopy of antibody-forming cells. 

As described in chapter 3. 

(j). Lymph and serum antibody titrations. 

See appendix 2.2. 

133. RESULTS. 

I. The recogn!i.tion of cells producing specific antil:rody. 

Three types of interaction occurred between 

antibody---producing lymphoid cells and the monolayer o,f 

sensitised erythrocytes surrounding them: (a) plaque 

formation, due to red cell lysis, occuring only in the 

presence of complement; (b) immuno-cyto-adherence, 

similar to the phenomenon observed by Noma et al. (1964) 

and Zaalberg (1964) in populations o~ rabbit and mouse 

lymphoid cells producing antibody to foreign erythro­

cytes; (c) localised agglutination, involving 

agglutination of the ernJthrocytes surrounding, but not 
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attached to a central lymphoid QBll. 

(a). Plaque formation. 

Plaques began to appear in the red cell monolayer 

after a few minute's incubation, and were usually 

counted after 20 minutes. Most of the plaques in 

this system were ve-ry small, about 30-6Cf1 in diameter, 

with lysis of only 1-3 'rows' of red cells adjacent 

to the central lymph cell (fig. 4.la). A small 

proportion were up to 300p. in size. Larger plaques 

were more commonly produced by cells from the lymph 

node than by cells from the lymph. 

(b) & (c). Adherence and agglutination. 

In the absence of complement, sensitised erythro­

cytes adhered to a proportion of lymphoid cells frOIDL 

immunized aheep. This reaction varied in extent from_ 

the adherence of 5 erythrocytes, (arbitrarily chosen 

as the smallest positive effect), to the agglutination 

of all red cells in an area 200p- or more in diam.eter­

(fig. 4.1). Cells producing adherence were more 

common than those producing agglutination. 

Cells forming plaques in the presence of 

complement were always able to produce agglutination 

or adherence of surrounding erythrocytes when trans-

ferred to drops containing no complement. However 
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the reverse was not always true: many cells showing 

adherence in the absence of complement were unabI.e to) 

lyse these erythrocytes when complement was added. 

So at any time, a count of adherence-positive cells 

gave the highest estimate of the number of antibody­

producing cells in the population. The proportion 

of the total detectable antibody-forming cells which 

produced lysis varied from one sheep to another (fron 

1/6 to nearly 1/I), but it was approximately c,onstant 

for any one immune response. Figs. 4.2 and 4.3 show 

the parallel rise and fall of plaque-forming cells 

and total antibody-forming cells in a primary and a 

secondary response. 

II. Evidence that plaque formation, immuno-cyto­

adherence and localised agglutination are due to 

the production o.£ specific antibody. 

(a) Mediation by antibody. 

(i). ~hese effects all show antibody specificity. 

Some plaque formation and adherence occurred when 

lipopolysaccharides from other salmoneJlae (sharing 

antigens with S.muenchen) were used to coat the test 

erythrocytes, but no active cells were seen when 

E.coli or Shigella sonnei lipopolysaccharides mr 

unsensitised red cells, were used (see chapter 6). 
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Figs·. 4.2. and 4.3. Changes in the efferent lym.pm 
after antigenic stimuation of sheep 3 (primary response) 
and sheep 4 (secondary). Plaque-formine; cells (PFC), 
and cells showing immuno-cyto-adherence lICA), OF 
localised agglutination (LA-) are plotted as the 
logarithm of the estimated number per million lymph 
cells. The upper bar-graph represents the logarithm 
of the number of basophilic cells per million, and the. 
lower, the lymph haemagglutinin titres. 

Fig. 4.4. Changes in the lymph node after antigenic 
stimulation. 
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(ii). The numbers of active cells rose and fell 

about 2 days ahead of antibody titres in the efferent 

lymph (see below). No plaque-forming cells were found 

in the efferent l~ph from sheep unstimulated by 

antigen. Occasional cells showing adherence were 

found in unstimulated sheep; the significance of 

these is unknown. 

(iii). Immuno-cyto-adherence does not seem to be 

mediated by cytophilic antibody since preincubation 

with lymph containing high titres of antibody never 

conferred plaque-forming or agglutinating properties 

on either normal lymph cells or on cells from sheep 

responding to an injection of Influenza virus. 

Immune serum and the supernatant from antibody­

producing lymph c·ells were also ineffective in 

coating normal lymphoid cells with antibody. In 

some preparation~ where a large proportion of the 

lymphoid cells were producing antibody, incubation 

of lymphoid cells and target erythrocytes in the same 

tube, as in the method of Zaalberg (1964), gave rise 

to massive agglutination of the erythrocytes, and 

nearly all the nucleated cells were non-specifically 

caught up in these clumps. For this reason cells 

producing agglutination or adherence were always 

counted following incubation in a chamber, where 
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TABLE 4.1. 

Inhibition of immuno-cyto-adherence by free lipopolysac.chariQe 
reversed by incubation. 

ICA = immuno-cyto-adherence • 
LA= localised agglutination. 

- _, ___ 
Cells prewashed o0 c 
in lipopolysacc. Positive cells 

ICA LA 

Homologous 2* 0 

:Heterologous 14 0 

Total 
anunted 

3,300 

3,200 

* these two 11'positives" were VJery weak. 

After 10 min. at 1°c. 
Positive c;ells Total 
ICA LA e:ounted 

12 5 2, 300 

14 12 2,400 
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they were kept reiatively immobile. 

(b)~ Active synthesis of antibody. 

Several observations suggest that the cells 

responsible for plaque formation, immuno-cyto-adherence 

or localised agglutination are actually synthesizing 

antibody, although the evidence is not conclusive. 

(i). Metabolic activity of the cell is necessary for 

plaque formation. No plaques appear at o0 c, but they 

begin to form as soon.as the temperature of the chamber 

is raised t~ 37°c. Immuno-ewto-adherence can occur at 

o0c., but it is inhibited by prewashing the cells in 
If 

''homologous lipopolysaccharide, as shown in the following 

experiment: 

Two samples of efferent lymph cells from a shgep 

immunized withs. muenchen were washed once at o0c in 

either the "homologous" lipopolysaccharide (200 p.gm/mJ.) 

or a Shigella sonnei extract ("heterologous"), at the 

same concentration. Each sample was then plated out 

in free suspension chambers with sheep red cells 

sensitised to s. muenchen. lipop~saccharide, still at 

o0 c. Cells producing immuno-cyto-adherence or 

localised agglutination, were counted. The slides 

were then incubated at 37°c for 10 minutes, and 

recounted. It can be seen from table 4.1 tha~ 

incubation at 37°c. quick]y reverses inhibition of 

adherence. 
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TABLE 4.2. 

Effect of puromycin on plaque production by lymph cells 
from sheep immunized with Salmonella m.uenchen .• 

i Time O I 2 hours II 3! hrs· ( 1} hrs 
(+ puromycin) minus puromycin) . -I 

Group : 

"Test" 580 + 281 2400 + 1020 - -
9700 + 1900 -

"Cont rol" 8000 + 2300 9300 + 2410 - -
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(ii). The active cells are all basophilic, suggesting 

differentiation for protein synthesis (see below). 

No medium :tymphocytes, the predominant aell type in all 

samples, were identified as causing any of the 3 

reactions. 

(iii). Cells from an immunized sheep were incub~ted 

for 2 hours in medium containing lOOµgm/ml (2xl0-~) 

puro1I1Ycin ( 11 test" group). A "control_" group was· 

incubated without puromycin. Each group was then 
nw 

assayed for plaque-forming cells by ~free suspension 

technique; a sample from the test group was assaye& 

in the presence of puromycin, and 1 from the control, 

in its absence. The remaining cells from each group 

were separately washed twice, and reincubated for 

30 minutes. This process of washing and reincubating 

was repeated twice. Both groups were then reassayed 

for plaque-forming cells in the absence of puromycin. 

Table 4.2 shows that the puromycin caused a 10-20-fold 

drop in the number of antibody-forming cells detectable. 

This effect was partially reversed by a further l~hours 

incubation in medium free of puromycin. 

(iv). Lymph cells from an immunized sheep were 

culitured at a concentration of 107 cells/ml in petri 

dishes in Eagle's medium containing 10% sheep serum. 

Initially about 1700 cells/million were forming Iytic 
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TABLE 4.3. 

Peak Numbers of Antibody-Producing Cells and Antibody Titers in Efferent Lymph during 
the Immune Response of the Popliteal Node 

Peak Nos. of cells 
Peak Nos. of plaque- causin& immuno-

Sheep Response formin' cells cyto-a erence or 
(active ce ls/105

) localized agglutina-
tion (active cells/ 105

) 

3 1* 4,000 21,000 
4 2 40,000 63,000 
5 1 12,000 20,000 
5 2 25,000 30,000 
6 2 11 ,000 11,000 
7 1 25,000 28,000 

* 1, primary response; and 2, secondary response. 
t N, not measured. 

Peak percenta~e Peak lymph 
large basophilic agglutination titers 

cells (reciprocal) 

5 2560 
12 1280 
15 640 
29 Nt 
18 640 
11 N 
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antibody. The numbers fell off, until after 7 days~ 

approximately 300 cells per million of those remaining 

produced plaques when tested. The c,ells became very 

fragile in culture and most of them broke up when 

centrifuged. Similarly, the antibody-producing cells 

remaining at 7 days invariably disintegrated when 

smeared. While these late plaque-forming cells may 

not have been the same as those initially detected, 

it is obvious that the abi1ity to form plaques persists 

for a long time in a cell population, suggesting active 

synthesis of antibody by a proportion of the cells. 

III. Kinetics of cellular and antibody responses. 

(a). Efferent lymph and node. 
- -

Figs. 4.2 and 4.3 show the changing numbers of 

active cells in efferent lymph during a primary and 

a secondary response, each followed in a single sheep. 

Fig. 4.4 shows the p:nimary response of popliteal lymph 

nodes from a number of sheep at various times after 

antigenic stimulation. In table 4.3 the number of 

active cells present in the efferent lymph, lymph 

antibody titres, and the proportion of basophilic 

cells in the differential counts at the peak of 6 

responses, are recorded. 



- ,o -
No antibody-forming cells were found in either 

the node ox efferent lymph until 40-50 hours after 

the injection 0£ antigen. After this time there was 

a rapid increase in the numbers of active cells, which 

reached a peak at 70-105 hours. The numbers of these 

cells then declined more slowly, and 8-9 days after 

stimulation there were usually no active cells in the 

lymph, although a few ex>uld still be found in the node. 

Lymph agglutinating and lytic titres were always 

similar, reaching a maximum 30-70 hours after the 

numbers of active cells reached their peak. Plasma 

titres were much lower, reaching a plateau about 100 

hours after the injection of antigen. N_o consistent 

difference emerged between primary and secondary 

responses in either efferent lymph or lymph nodes. 

It is quite probable that all the sheep had previousiy 

experienced Salmonella antigens, so that all responses 

were in fact secondary in nature. 

Changes in properties of different morphologically 

defined cell types in efferent lymph during each 

response were similar to those described by Hall and 

Morris ( 19 63). 

(b). Afferent lymph. 

Samples of lymph from the cannulated popliteal 

af~erent ducts of 2 sheep were assayed 1, 2, 3 and 4 
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days after secondary antigenic stimulation. In 

addition, lymph from one of the sheep was examined 

just prioT to secondary stimulation, 13 days after 

primary immunization. No antibody-forming cells 

were found in any of these samples, in spite of the 

fact that many basophilic cells were present in the 

lymph flowing towards the popliteal node from the 

granulomata inducedby the Freund's adjuvant in the 

primary injections. 

(c). Nature of the antibody. 

Samples of lymph collected at the peak of each 

response were treated with 2-mercaptoethanol and 

retitrated. Samples were also fractioned by density­

gradient ultracentrifugation. All but a trace 0£ 

the agglutinating activity was associated with 

mercaptoethanol-sensitive antibody of relatively 

high sedimentation constant (19S) in all responses 

except one, a secondary response, where about 10% of 

the antibody had a relatively low rate of sedimentation. 
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C. THE MORPHOLOGY OF ANTIBODY-PRODUCING CELLS. 

I. Light microscopy. 

87 undamaged cells from lymph and 91 from lymph 

nodes were examined at various times during the primary 

and secondary responses. There was no consistent 

morphological difference between cells showing plaque 

formation, or agglutination and adherence of erythrQJ­

cytes, or between antibody-for.ming cells from primary 

or secondary responses. (fig. 4.6). 

The histograms in fig. 4.5 show the frequency 

with which antibody-forming cells of different average 

diameters were found. Two groups of active cells 

could be distinguished. The cells of the ~irst group 

were large, usually from 12-17f in diameter with a 

nucleus occupying most of the apparent area of the 

smeared cell. The~e cells showed varying degrees of 

basophilia, although about 10% of them, all with 

diameters in the range 15-17~, were pale-staining 

blast-like cells. Nearly all the antibody-forming 

cells in the efferent lymph, and about half of those 

obtained from the node, belonged to this group~ 

The second group of active cells were commonly 

found only in the lymph nodes. These cells were 

6-lOp. in diameter, intensely basophilic, and had a 

relatively small nucleus. They correspond to the 
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Fi~. 4. 6. Antibody-producing cells (Leishman's stain). 
{a)-{h ) t ef ferent lymph cells, (i)-(1), lymph node cells. 
Cel l (iJ i s releasing while in mitosis. Cells {j), (k), 
(1 ) , are mature plasma cells, found only in the node • 
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Fig. 4.7. Antibody-forming cell from efferent lymph. 
ER= endoplasmic reticulum; N = nucleus; M = mito­
chondria; E = sensitised erythrocyte. The cytoplasm 
contains numerous free ribosomes, either single or in. 
small clusters. x27,000 
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mature plasma cells of many authors. Cells interme­

diate between the two types were found. An area o,f 

clear cytoplasm near the nucleus was cummon in the 

plasma cells, and was sometimes seen in the large 

basophilic cells. Cytoplasmic inclusions which may 

have been Russel bodies were occasionally found 

(fig. 4. 6). 

II. Electron microscopy. 

Ten clumps containing a total of 305 cells were 

prepared for electron microscopy. About 20% of these 

cells were examined in section. Cells from efferent 

lymph or I.ymph nodes were clumped sgparately. 

The efferent lymph cells have large nuclei, commonly 

exhibiting a marked indentation of one side, with dense 

clumps of chromatin often packed against the nuclear 

membrane (fig. 4.7). The cytoplasm was densely packed 

with ribosomes, many of which were in the form~ cl..usters. 

A few flattened sacs of rough endoplasmic reticulum were 

seen~ Mitochondria o~ various sizes were plentiful 

and the Golgi apparatus was well developed. Centrioles\ 

and associated structures (satellite bodies and micro­

tubules) were often seen. Large polyribosomes, 

estimated to contain up to 50 or more ribosomes apparently 

arranged in a helix, were sometimes ~een. In one cell 
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(fig. 4.8b) these were abundant throughout the cytoplasm. 

These cells correspond to the large basophilic mono­

nuclear cells seen by light microscopy. 

Antibody-producing cElls in the node were of 2 types, 

corresponding to the 2 groups distinguished by light 

microscopy. Many resembled the cells found in efferent 

lymph. A minority, the plasma cells found only in the 

node, were small with considerable amounts of rough 

endoplasmic reticulum in the cytoplasm (fig. 4.8a). 

Again cells morphologically intermediate between the 2 

types could be found. 
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D. DISCUSSION. 

The popliteal node of the sheep responds to 

stimulation with boiled Salmonella by releasing about 

5 x 107 detectable antibody- producing cells, mostly 

from 2-6 days after the stimulus. This represents 

roughly 0.5% of the total cell output during this time. 

At the peak of the response, from 1 in 100 to 1 in 20 

of the efferent lymph cells are releasing specific 

antibody directed against the bacterial lipopoly­

saccharides and as many as 1 in every 2 basophilic cells 

in the lymph may be involved (table 4.3). The other 

basophilic cells may well be producing antibody to 

other antigens from the bacteria. In the node itself, 

the proportion 0£ active cells is approximately one­

tenth that of the lymph at the peak of the response, 

(fig. 4.4), but numbers of antibody-forming cells 

decline more slowly than in the lymph. 

Preliminary observations on popliteal afferent 

lymph indicate that it does not carry antibody-formers, 

although the lymph flowing from a subcutaneous granul.oma 

towards the popliteal node contains many large baso­

philic mononuclear cells similar in appearance to the 

active cells of the node and efferent lymph. The 

possible specialized role of lymph nodes in the 
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generation o~ antibody-forming cells could be 

conveniently studied in sheep with the efferent and 

one afferent duct cannulated on either side of the 

same node. 

Some of the problems encountered by Dent and Good 

in using the Jerne and the Zaalberg techniques to assay 

haemolysin and haemagglutinin-producing cells in the 

fowl, have been recently discussed(Dent and Good, 1965). 

The free suspension technique used here increases the 

sensitivity of plaque detection, and allows adherence­

producing cells to be assayed at the same time, without 

any danger of non-specific clumping of lymphoid cells 

and erythrocytes. Evidence has been presented that 

plaque formation, immuno-cyto-adherence and localised 

agglutination are due to antibody release by the central 

lymphoid cell. It seems almost certain that these 

cells are synthesizing the antibody which they release 

although the evidence is only circumstantial. All the 

active cells show differentiation for protein synthesis 

and limited secretion; varying degrees of basophilia 

by light microscopy, large numbers of ribosomes and 

some endoplasmic reticulum by electron microscopy. 

The fact that puromycin reversibly inhibits plaque 

formation and agglutination is not conclusive proof 
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that the active cells are actually synthesizing 

antibody since a :mroianism which depends on protein 

synthesis may be required to ~ransport stored antibody 

across the plasma membrane. The cumbersome alternative 

explanation to antibody synthesis however, is that the 

basophilic cells store antibody which they receive 

from other cells. 

Most of the plaques produced by the sheep e~ells 

in this system are ve-ry small (fig. 4.la). The size 

of a plaque presumably depends on the number of antibody 

molecules produced by a cell, and on their lytic 

efficiency. So a small plaque would be expected if 

the central cell released small amounts of antibody 

or if a lot of antibody molecules were required to lyse 

one sensitised e-rythrocyte. These alternatives cannot 

be distinguished in this system. However, as in other 

animals (Bane) et al. 196~; Lo Spalluto et al. 1962; 

Weidanz et al. 1964), virtually all the antibody 

produced by the sheep in response to Salmonella antigens 

was 195 , and macroglobulins are believed to be extremely 

efficient at binding complement and lysing red cells, 

at ~east in the rabbit anti-sheep red cell system 

(Humphrey and Dourmashkin, 1965; Borsos and Rapp 1965). 

If this is also true of sheep 19S antibody reacting 

against lipopolysaccharide-coated erythrocytes, then 
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it is possible that the majority of efferent lymph 

cells were releasing very small amounts of antibody 

in the test chambers. Mouse lymph node cells releasing 

antibacterial antibody in similar preparations produce 

a majo:rity of plaques approximately 400p. in diameter 

with a few ranging in size down to the limit of sensitivity 

of this technique~ the lysis of 10-20 red cells (Chapter 

2, fig. 2.1). 

Agglutination and adherence are a l _ess convenient 

index of antibody production than plaque formation 

because relatively few cells may be examined for these 

effects. One plaque-forming cell amongst 106 inactive 

cells can be immediately seen when chambers are insp,ected 

under low power (X60), but only 104 cells can be conven--
iently scanned under higher power (X240) for adherence 

of erythrocytes. Even in the presence olf complement, 

many active lymphoid cells are unable to lyse attached 

or locally agglutinated erythrocytes. The antibody 

which these cells produce is probably qualitatively 

different from the antibody released by plaque-forming 

cells. It exhibits the fundamental property of binding 

to its corresponding antigen, but is unable to bring 

about lysis. 

Localised agglutination seems to differ from 

immuno-cwto-adherence only in the amount of antibody 
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produced by the active cell. Agglutination obviously 

involves the release of free antibody into the medium, 

and occurs at 37°c but not at o 0 c. Cells showing 

immuno-cyto-adherence on the other hand, apparently 

have antibody attached to their surface, either because 

this antibody is in the process of escaping from the 

cell or because release has stopped. The inhibition 

0£ adherence caused by prewashing cells with free 

homologous lipopolysaccharide at o<ccan be quickly 

reversed by raising the temperature to 37°0; this 

suggests that the antibody responsible for binding 

erythrocytes to the lymphoid cell is being continuously 

released during incubation. Exactly how antibody 

attaches an erythrocyte to a lymph cell is obscure; 

it may be that the sensitised erythrocyte is bound by 

several molecules at once, which are continually renewed 

as more antibody is formed. The bond is quite firm 

and often remains intact during the smearing and drying 

of the cells (figs. 4. 6d, 4.60. 

The functional criteria established for the 

identification of single antibody-forming cells in this 

system were used to isolate single cells for morpho­

logical studies. Most of the active cells examined 

by light microscopy resembled the blast cells and 
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j_mmature and mature plasma cells of Nossal (19sq) 

and other workers. However, the cells studied were 

a rather restricted population; they were all isolated 

from :Lymphoid tissue at or near the peak of primary and 

secondary responses, and were all probably releasing 

19S antibody. A much greater variety of morphological 

types could be found in mice when cells releasing 19S 

or 7S antibody were studiei throughout the entire 

immune response to sheep erythrocytes (chapter 5). 

Very recently, Harris and co-workers (Harris et al. 

1966; Hummeler et al. 1966), have described the 

electron microscope appearance of haemolysin-producing 

cells from rabbit lymph and lymph nodes. Their results 

are in full agreement with those reported here, except 

that most of the cells they studied were very much 

smaller than the corresponding sheep cells; this may 

reflect a real difference between the species, or a 

difference in techniques used to examine the cells. 

In the rabbit as in the sheep, the antibody-forming 

cells o~ efferent lymph contained numerous ribosomes 

but very little organised endoplasmic reticulum. 

These cells may be secreting very small amounts of 

actual protein in the form of antibody molecules of 

high activity, or they may be using some unrecognised 

means of transporting larger amounts out of the cell. 
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Protein secretion is usually associated with considerable 

amounts o-f" rough endoplasmic reticulum , (Kurosumi, 1961). 

Active plasma cells with this type of cytoplasmic organ­

isation were identified, in agreement with recent reports 

that such cells are capable of releasing haemolytic 

anti body. (Harris et al. 1966; Binet and Bussard, 1964; 

Fitch et al. 1965). These plasma cells were found only 

in the lymph nodes. 

The large basophilic mononuclear cells contain many 

free ribosomes and polyribosomes, structures which have 

long been known to be asso-ciated with rapid growth and 

differentiatio~ (Palade, 1955). Large polyribosomes 

0£ apparently helical form were sometimes found, similar 

to those prevrously described in a number of differen­

tiating tissues (Behnke, 1963; Waddington and Perry, 

1963; Echlin, 1965). In most cells, one or two helical 

polyribosomes could be found per section. In one cell 

the cytoplasm was packed with them (fig. 4.8b); 

conceivably all the large basophilic cells could pass 

through a developmental stage in which they contain 

many o~ these structures. 

No conclusions on the developmental history of 

antibody-forming cells in sheep lymphatics can be drawn 

from the observations made in this study. However, 

Hall et al. (1967), have shown that the cells of the 
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popliteal efferent lymph play an important part in 

the immune response of the sheep; serum antibody 

titres are drastically reduced if the efferent lymph 

cells collected from a stimulated node are not returned 

to the animal. These cells can also initiate an anti­

body response in a chimaeric twin which has had no 

experience of the antigen. This and the fact that 

plasma cells occur in the node and not in the lymph, 

supports the idea (Hall et al. 1967) that many of the 

basophilic cells o~ efferent lymph settle in nodes 

further along the lymphatic chain and develop there 

into antibody-producing plasma cells. 
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E. SUM!vIARY. 

The antibody-forming cells which appear in the 

popliteal lymph node and efferent lymph of the sheep 

following immunization with boiled Salmonella have 

been studied by light and electron. microscopy. Cells 

were incubated in monolayers with target erythrocytes 

sensitised with bacterial lipopolysaccharide. Three 

types of interaction between a proportion of the lymph 

cells and the erythrocytes surrounding them have been 

shovm. to indicate antibody formation; plaque-formation, 

immu.no-cyto-adherence, and localised agglutination. 

At the peak of the response, 4 days after antigenic 

stimulation approximately 1 cell in every 200 from 

lymph node suspensions produces detectable specific 

antibody, while up to 1 cell in 20 in the lymph is active. 

For light microscope examination, individual 

antibody-forming cells were smeared in serum and 

stained with Leishman's stain. For electron micro­

scopy, a number of active cells were clumped with 

antiserum to form a specimen of convenient size, then 

sectioned. Most of the active cells from efferent 

lymph are large and basophilic, while a small proportion 

are blast-like. These cells contain abundant free 

ribosomes and very little endoplasmic reticulum. 



- 104 -

In the node only, an additional class of antibody­

forming plasma c_ells are found which have considerable 
-

amounts of endoplasmic reticulum in their cytoplasm.. 



CHAPTER 5. 

THE CELLULAR RESPONSE TO ANTIGENIC SU~IMULATION! 

IN THE MOUSE .. 
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In the previoua chapter, a study was made of 

sheep lymphoid cells producing macrogiobulin antibo:rly. 

To anmpare ~ells releasing 19S and 7S antibody, a 

<iti.fferent system was required. This chapter describes 

the response 0£ the popliteal lymph nodes o~ mice~~ 

stimulation with sheep erythrocytes. Detailed curves 

ruf the cellular response with time after primary and 

secondary imrrmnization have been aonstructed, and 

single antibody-forming cells have been examined by 

Iight microscopy througho:ut these responses. 

A. DIFFERENTIAL DETECTION OF CELLS _RELEASING 

ANTIBODY OF HIGH OR LOW HAEMOLYTIC EFFICIENCY. 

I. Introduction. 

Ultracentrifugation distinguishes 2 groups 0£ 

haemolysin in the mouse (Adler, 1965); high molecular· 

weight antibody with a sedimentation constant of around 

19S, and lower molecular weight antibody with a sedi­

mentation constant of 7S. These 2 groups seem t-0 

differ greatly in their haemolytic efficiency (Moller 

and Wigzell, 1965). It is thought that as little as 

1 molecule of macroglobulin (19S) haemolysin may lyse 

a sheep red cell in the presence OI complement, whereas 

an average of several hundred molecules of' 7S antibody 
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is required (Hiunphrey and Dourmashkin, 1965; B1orso'S 

and Rapp, 1965). It may be that 2 molecules of the 

smaller 7S antibody must attach c~ose together on the 

surface 0£ the target cell in order to bind c.omplement; 

a relatively high concentration of 7S antibody would 1re 

needed for such a close attachment to be a common event. 

The original J'erne-Ingraham plaque technique 

probably detects oniy cells releasing 19S haemolysin; 

the close correspondence between plaque-forming cells 

and serum titres of macroglobulin antibody has been 

described by several authors (Moller and Wigzell, 1965; 

J ·erne et al. 1963). The later 7S response coina;ides 

with decreasing numbers of plaque-forming cells. 

Recently, Sterzl and Riha (1965) and Dresser ana 

Wortis (1965) have extended the plaque technique to 

assay cells releasing antibody of low haemolytic 

efficiency. Immuni~ed mouse ]ymphoid cells are 

incubated with target erythrocytes as in the Jerne 

technique • . Antibody of low lytic power diffuses front 

a proportiom of these cells and attaches to the 

surrounding erythrocytes but does not lyse them. NO>W 

addition of antiserum directed against mouse gamma­

globulin will "develop" these plaques. It is thought 

that when a number o~ antiglobulin rrolecules combines 

with 1 such non-lytic molecule attached to a red cell, 
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Fig. 5.1 • 

Preparation of 19S and 7S mouse haemolysin by filtration 
through "sephadex G-200". Black circles connect lytic titres 
of the fractions collected. The upper line represents the 
percentage transmission traced by an LKB Produkter AB recorder 
scanning at a wavelength of approximately 280mp.. 
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the resulting complex is able to bind complement and 

so Iyse the cell. (Dresser and Wortis, I965). 

II. Standardizing the antiglobulin technique: Serum. 

Gamma-globulin was obtained from mouse serum by 

sodium sulphate precipit'1tion (Kekwick,- 1940). 

Protein with the mobility of gamma-globulin was the 

only constituent of this preparation detectable by 

o_ellulose acetate electrophoresis. Approximately 

5mg of this gamma-globulin in Freund's adjuvant was 

injected subcutaneously into each of 2 rabbits. The 

rabbits were bled 11 and 22 days later. On day 22, 

they were reinjected intravenously with gamma-globulin, 

and 7 days after this booster, bled a third time. 

Thus 6 antiglobulin sera were obtained. 

The antiglobulin sera were tested for their 

ability tn enhance the titre of 193 and 7S mouse 

haemolysin. A pool of seru.JJj from 10 mice hyperimmunized 

with sheep red cells was filtered through a column of 

"Sephadex G-200 11 gel, to provide 193 and 7S fractions 

(fig. 5.1). Seven replieate 2-fold dilution series 0£ 

7S mouse haemolysin were made in a perspex tray 

(mechanics of the test as described in appendix 2.2). 

0.025ml 0£ 5% sheep red cells was added to each well, 

and the tray was incubated for 1 hour at 37°c. 
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Table 5.1 

Enhancement of the lytic effect of mouse haemolysin 
by rabbit anti-mouse-gamma globulin. Figures represent 
estimated extent of lysis of sheep red cells. 
"4" means 100% lysis, "0" means no lysis. 

Rabbit 20 

antiglobulin 40 

(reciprocal 80 

of 160 

dilution). 320 

640 

1280 

7S mouse haemolysin (reciprocal of dilution). 

f16 32 64 128 256 512 1024 2048 ~096 8192 

0 0 0 1 2 2 2 2 2 

0 1 2 2 ____3----3 3-"-. 2 1 

1 2 3----.r- 4 4 4 ~3 2 

2 i/ 4 4 4 4 4 3 >3 

2 3~4 4 4 3 /3 2 

3\2 2 3-3-3 3 2 2 
4 2 2 2 2 2 1 1 1 

0 

0 

1 

1 

1 

1 

0 

• 

19S mouse haemolysin (reciprocal of dilution). 

16 32 64 128 256 512 1024 2048 ~096 8192 

Rabbit 20 0 0 0 0 0 0 0 0 0 0 

antiglobulin 40 0 0 0 0 0 0 0 0 0 0 

(reciprocal 80 0 0 0 0 0 0 0 0 0 0 

of 160 0 0 0 0 0 0 0 0 0 0 

dilution). 320 2 1 0 0 0 0 0 0 0 0 

640 4"-3 2 0 0 0 0 0 0 0 

1280 I 4 4'\3 2 0 0 0 0 0 0 
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Dilutions of one rabbit anti-mouse-gamma-globul±n 

serum, previously absorbed with sheep red cells, 

were added to the tray to provide a checkerboard, 

as shown in table 5.1. After a further 15 minutes' 

incubation, complement was added, and the tray 

reincubated for 45 minutes at 37°c, then read for 

lysis of erythrocytes. A similar test was performed 

on the 19S mouse haemolysin pool. 

In table 5.1. contour lines have been drawn to 

connect wells showing 75~ lysis. In the lower left­

hand corner of both trays the effect of the 7S or 19S 

mouse antibody alone can be seen; higher concentrations 

of rabbit antiglobulin inhibited the lytic action o~ 

19S antibody. From the 7S tray it is evident that 

the enhancing effect of the antiglobulin was concen­

tratiomdependent; very high concentrations inhibited 

lysis of erythrocytes by 7S mouse antibody. A 

dilution:_ of about 1/160 was optimal, and this enhanced 

the ]lytic titre approximately 200-fold. By contrast, 

no enhancement ox 19S mouse antibody was detected. 

Table 5. 2 compares the enhancing effect of all G 

rabbit antiglobulin antisero on lysis of sheep 

erythrocytes by 19S or 7S mouse haemolysin. There is 

considerable variation between antiglobulin sera in 

extent to which 7S lysis was enhanced. None of the 
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TABLE 5.2 

Comparison of the enhancing effect of 6 antiglobulin 
antisera on lytic titre of mouse ?Sand 19S haemolysin • 

Rabbit. f Antiserum Final 7S haemolysin. 
dilution of Estimated 50% no. 1 

antiglobulin lysis end point . 

control, no serum 30 

1 I 11 day primary 1/50 1500 

1 I 22 day primary 1/100 5000 

1 I 7 day secondary 1/100 15000 

2 I 11 day primary 1/50 1500 

2 I 22 day primary 1/100 750 

2 I 
I 

7 day secondary 1/100 15000 
I 

I 19S haemolysin. I 

I 
I 

I 

; control, no serum 100 

1 Ill day primary 1/50 100 
I 

1/100 1 122 day primary 100 

1 I 7 day secondary 1/100 50 

2 Ill day primary 1/50 100 

2 122 day primary 1/100 100 

2 I 7 day secondary 1/100 30 

WI 
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antisera enhancoolysis by 19S antibody. Two antisera ~ 

slightly depressed the titre 0£ 19S haemolysin. 

I I I. Standardizing the antiglobulin technique: Cells. 

The appearance of a class of cells which produce 

plaques only in the presence of anti9lobulin correlates 

well with the rise of serum 7S lytic antibody titres as 

described by Adler (see below). Such cells will be 

referred to in this chapter as producers o~ 7S antibody. 

Possible objections to this interpretation are raised 

in the "Discussion". Two types of preparation have 

been used in this study to assay mixed populations of 

19S- and 7S- antibody-forming cells; Jerne plates, and 

microdrops under oil. 

(a). Agar plates. 

Plates were prepared essentialiy as described by 

Jerne et al. (1963), except that DEAE-dextran was 

incorporatea in the overlay agar at a concentration 

of 8mg/ml. 

In analysing poplutions containing both types of 

antibody-forming cell, it would obviously be most 

useful to perform sequential assays on the same sample. 

If the 19S plaquescould be counted and marked on an 

agar plate, as suggested by Sterzl and Riha (1965) ,, 

a very small number of additional 7S plaques could 
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TABLE 5.3 

The effect of concentration of antiglobulin on the 
development of 7S plaques; and a comparison of the number 
of such plaques detected when complement was added before 
or after antigolbulin. 

Number of plaques counted. 

1 
Group A. Complement Group B. Complement 

1 added before antiglobulin added after antiglobulin 
I 
i 

I 50 1 74 108 
I 

Dilution 100 60 146 

of 200 50 155 

antiglob 400 48 112 

( recip). 800 23 67 

1600 15 46 
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then be detected after the addition of antiglobulin. 

By contrast, a m.inori ty population of 7S-producing celJls m'jhr 
not be recognized if 2 plates were assayed in parallel, 

one with antiglobulin and one without; Poisson 

variatiom between the plates would ~bscure small but 

real differences·. However, a complication arose when 

it was found that complement and rabbit antiglobulin 

"competed" with 0ne another in Jerne-type preparations; 

addition o~f complement before antiglobulin decreased 

the number of 7S plaque detected, while antiglobulin 

interfered with the development 0£ 19S plaques by 

c_omplement. 

Table 5.3 demonstrates interference by complement 

with the appearance of 7S plaques. Lymph nodes were 

obtained from a hyperimmunized mouse in which nearly 

all the active cells were producing 7S antibody. Each 

mf 12 replicate samples from this population was 

incorporated into 1ml of "overlay mixture" containing 

0.7% agar and 2% erythrocytes in Eagle's medium, and 

these samples were poured on to 12 plates of basal agar. 

All plates were incubated at 37°c throughout the 

experiment. To each of 6 of the plates (group A in 

table 5.3), 1ml of 1/10 complement was added after 

1 hour's incubation. This was washed off with Eagle's 

medium 30 minutes later, and replaced by 1ml of the 
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TABLE 5. 4 

Interference by antiglobulin with the development of 
pl aques fo rmed by 19S antibody. 

Plate Antiglobulin before Counts Total 
or after complement 

l before 62 
148 

2 before 86 

3 aft er 114 
215 

4 I after 101 
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stated dilution of antiglobulln. This was in turn 

washed off after a further hour, and a second sample 

of complement was pipetted on to the plates for the 

last 30 minutes~, before counting. In group B:, 

antiglobulin was added after 1~ hours initia~ 

incubation:, then replaced by complement cd 2t hours 

for a further 30 minutes, before plaques were counted. 

Repeated experiments of this type have shown that) 

sequential assay 0£ 19S and 7S plaque-producers on the 

same plate results in about 50% underestimation of the 

number of cells releasing 7S antibody. Table 5.3 

also demonstrates that 7S plaques fall o~f in number 

as the concentration 0£ antiglobulin decreases, in 

much the same way as does the titre of 7S mouse 

antiserum. 

Table 5.4 shows the reverse type of interference 

effect; a significant decrease in the number of 

plaques detected in a pure 19S population when anti­

globulin was added before complement. Four replicate 

plates were incubated for 1 hour a~ 37°c. Arrtiglobulin 

was then added to numbers 1 and 2, Eagle's medium to 

3 and 4, and all were reincubated for another hour. 

The antiglobulin or Eagle's was then poured off and 

replaced by complement for a final 30 minutes 0£ 

incubation. Antiglobulin suppressed numbers of l9S 
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plaques by about 30%. 

Separate series of plates were used to detect 

onlcy" cells producing 19S antibody on the one hand, or 

both 19S and 7S-releasing cells on the other. An 

estimate of 7s_ producers was obtained by subtracting 

50% of the number of 19S plaques from the numbers 

counted on the plates to which antiglobulin had been 

added. Jerne plates were usually incubated for 3 hours. 

Incubation for 24 hours increased numbers of 19S and 7S 

plaques by about 25%, without curing interference effects. 

( b). Microdrops. 

Stable monolayers of lymphoid cells and target 

erythrocytes may be incubated in droplets of Eagle's 

medium under oil, as described in chapter 3. This 

technique detects plaques with the same sensitivity as 

the standard free suspension assay of cells in sealed 

chambers. It was found that sequential assays of 19S 

and 7S-producing cells could be performed if these 

monolayers in droplets were incubated for 30 minutes 

with complement to develop 19S plaques, then anti­

glooulin at a dilution of 1/50 was instilled carefully 

into the top of each drop over the monolayer. 7S 

plaques were scored after a further 15-30 minutes ' 

incubation. N·b problems of interference between 

complement and antiglobulin were encountered in this 
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swstem, although 19S plaques were considerably 

decreased in size if exposed to antiglobulin before 

complement, and vice versa for 7S plaques. 

(c). Summarizing methods used for detection of both 

19S and 7S antibody cells from mouse lymph nodes~ 

Sequential type assays for the 2 classes were 

performed in microdrops whenever the numbers of active 

cells in the nodes were relatively high. Use of this 

method allowed detection of small numbers of 7S 

producers in presence of larger numbers of 19S plaques. 

The sequential assay was thus especially valuable at 

the time when a switchover of 19S to ?S production was 

occurring. However, it was not practicable to plate 

out more than 1 or 2 million cells by this method. 

At the extremes of the immune response, parallel 

assays were done, of necessity, in Jerne plates. 

Lymph nodes were broken up by gentle ru.bbing on wire 

mesh (appen ix 2.1) and fragments of stroma as well as 

cells were plated. 
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TABLE 5.5 

Response of spleens and popliteal lymph nodes to 
injection of various numbers of sheep erythrocytes . 

Group 1 . Intravenous injection. 

Mouse no. No. of eryths. Plaque-foring 
injected cells/ 10 

in spleen 

1 109 1210 
2 109 2540 

3 108 2680 
4 108 570 

5 107 2540 
6 107 500 

7 10 6 < 50 
8 10 6 40 

9 105 < 16 
10 105 <16 

Group 2. Injection into both footpads . 

Mouse no. No . of eryths 
Plaque-forming 
cells/ 10 6• injected 

Left Right Spleen 

J;; 10~ 
node node 

1 453 510 540 
2 J )( 10 625 395 93 

3 107 1060 660 46 
4 107 11 80 1040 97 

5 10 6 <1 6 < 13 13 
6 106 50 420 10 

7 105 < 16 < 7 <5 
8 105 <50 ( 15 ( 5 
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B. RESPONSE OF MOUSE LYMPH NODES AND SPLEENS TO VARIOUS 

DOSES OF SHEEP ERYTHROCYTES. 

This experiment was performed to define a suitable 

dose of sheep red cells for use in all subsequent 

immunizations of mice. The dose-response relationship 

has been determined for the primary response only. 

Ten mice were injected intravenously in the 

lateral tail vein with various numbers of sheep 

erythrocytes, and the spleens assayed for 19S antibody-

forming cells 4 days later. A further group of 8 mice 

were injected in both footpads with sheep erythrocytes 

at different dilutions, and both popliteal lymph nodes 

and spleens assayed 5 days later. Results are shown 

in table 5.5. 

For both lymph nodes and spleen, a dose of 107 ~r 

more sheep erythrocytes seemed to elicit a maximal 

response, while there was a sharp drop in the response 

to smaller amounts of the antigen. Injection OI 

2 x 108 sheep red cells into the footpada of 1 mouse 

(number 1, group 2) gave rise to a vigorous reponse 

in the spleen, probably because sufficient antigen 

(107 red cells?) reached the blood stre~m. 
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TABLE 5.6 

Ab sence of antigenic cross - sti mulation between opposite 
popliteal lymph nodes . 

Mouse Time after Plaque-f orming cells/ 10 6 

group secondary left right 
no . stimulation nodes nodes· 

(days) . 

1 2 380 17 

2 3 500 17 

3 4 50 ( 10 
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C. INDEPENDENT RESPONSE OF OPPOSITE LYlYIPH NODES. 

One reason for studying the cellular response 

o~ mouse popliteal lymph nodes rather than spleens was 

that twice as many organs could be examined in the same 

number of inbred animals. The following test showed 

that very little cross-over of antigen occurred between 

the 2 nodes. 

Six mice were injected in each footpad with 108 

sheep red cells. One month later, the left footpads 

only of all 6 were reinjected. Mice were killed in 

groups of 2 at 2, 3, and 4 days after this secondary 

antigenic stimulation, and the 19S plaque-forming cells 

in left and right nodes compared. 

Table 5.6 shows that if antigen reached the nodes 

on the uninjected sides, it was in amounts too small to 

cause secondary stimulation. 
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Fig. 5. 2. 

Numbers of plaque-forming cells in the popliteal l ymph 
nodes of adult CBA mice a t d i f ferent times after i mmunization 
with sheep erythrocytes . Each p oint represents 4 pooled 
nodes from 2 mice . Black c i r cles ; cells producing 1 9S 
antibody . Open circles c onnected by broken line ; 7S antibody 
producers . 
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D. NUMBERS OF ANTIBODY-FORMING CELLS IN THE 

POPLITEAL NODES AT DIFFERENT TIMES AFTER ANTIGENIC 

STIMULATION. 

The changing response with time of mouse popliteal 

nodes is shown in fig. 5.2. Each point represents a 

pool of 4 nodes from 2 adult CBA mice (10-18 weeks old, 

male or female). 8 Imm.unizi'ng doses ranged from l-5xl0 

sheep erythrocytes per footpad. 

In the primary response a striking lag phase of 

nearly 3 days is seen. No plaque-forming cells can be 

found during this time, even when the whole node is 

plated out, stroma and cells together. An extremely 

rapid rise in numbers of cells forming 19S antibody 
alls follows, reaching a peak at 4-5 days, when(producing 7S 

antibody first appear. Numbers of 7S-producers are at 

a maximum around 11 days after antigenic stimulation, 

when they are about 10 times as numerous as cells 

releasing antibody of high haemolytic efficiency. 

10-fold disparity between cells of the 2 types is 

preserved throughout the remainder of the primary 

response, and for the entire course of the secondary 

This 

response. Plaque-forming cells of both kinds persist 

in the stimulated node; significant numbers may still 

be found 70 days after antigenic stimulation. 
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The secondary response begins without obvious 

delay , and peak numbers of active cells appear more 

quickly than in the primary response. Immunological 

memory for both 19S and 7S antibody production exists 

in this system. Cells producing antibody of low 

haemolytic efficiency always predominate in a secondary 

response; some overlap of points may be seen in fig. 

5 . 2, but in any 1 mouse, the ratio 7S/19S plaques was 

about 10/1. 

E. MORPHOLOGY OF THE ANTIBODY-FORMING CELLS. 

I . Methods. 

Mice received an injection of 2 x 108 sheep red 

cells in both footpads. Secondary injections were 

given 1-3 months after primaries. At intervals after· 

stimulation, lymph node cell suspensions were assayed 

for antibody-forming cells in microdrops under oil. 

Plaque-forming cells were manipulated out of the 

microdrops, smeared individually and stained with 

Leishman's as described in chapter 3. The 2-step 

method was used when proportions of active cells were 

small. 

To identify cells releasing 7S antibody, anti-

globulin was added to the medium. At all times when 
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TABLE 5. 7 

Classification of antibody- forming cells. 

Name fdiamet er lbas ophiliaf nucleus 
cytoplasm 

ratio 

blasts i 16 1-4 ~ 0.5 

basophilic mononuclears large 1 3- 1 5 ~ 2 >0.5 
medium 11-12 ~2 >0.5 

small ( 11 ~2 ) 0.5 

lymphocytes large 13-15 ( 2 >0.5 
medium 11- 11 <~ >0.5 

small ( 11 < 2 >0.5 

plasma cells large .-)12 ~ 2 I ~ 0.5 
small ( 12 ~ 2 ~0 . 5 
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cells producing 7S antibody were selected, the proportion 

of 19S-producers in the lymph node cell suspensions was 

less than 10%; the population of "7S-producerst• 

described below could have been contaminated with up tn 

10% of cells releasing 19S antibody. 

II. Classifying cells. 

Three main morphological features were considered 

in classifying these cells; size, basophilia, and ratio 

of nucleus to area of the whole cell (N/C ratio). The 

average diameter of cells was measured with an eyepiece 

graticule. The degree of basophilia was expressed on 

a scale from 11 1" (pale staining) to "4" (very dark). 

W-/C ratio was estimated by eye. In control experiments,. 

pieces of paper were cut to simulate nuclei and cell 

outlines, then estimates of relative areas were checked 

by weighing the paper. It was found that the N/C ratio 

could be estimated to within 10% in most cases. 

Table 5.7 shows the main cell types distinguished. 

Lymphocytes, defined by their pale staining, were 

arbitrarily divided into the 3 usual groups, large, 

medium and small. Three similar classes of "basophilic 

mononu.clear" cells were distinguished from lymphocytes by 

their greater basophilia. Plasma cells were basophilic, 

with a nucleus occupying not more than half of the total 

area of the cell, and usually eccentrically placed. 
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TABLE 5.8 

Range of diameters and nucleus/cytoplasm ratios in 17 
cells producing 19S antibody, and 17 producing 7S antibody , 
taken from the same mouse 5 days after secondary antigenic 
stimulation. 

Cell I 19S population 7S population 
no . Diameter N/C Diameter N/C 

1 12 0.7 13 0.4 
2 12 o . 6 13 0 .5 
3 11 o. 65 13 0.4 
4 12 0.4 11 0 . 6 
5 11 0.7 12 0 . 3 
6 11 o.6 12 0.7 
7 12 0.7 14 o . 6 
8 12 0.7 12 0.4 
9 9 o.8 12 o . 6 

10 10 0.5 10 0 . 7 
11 12 0.45 11 0 . 1 
12 13 0.6 14 0 . 6 
13 13 o.6 13 0 . 4 
14 13 o.6 12 0 . 1 
15 11 0.7 11 0.1 
16 14 o.8 14 0 . 55 
17 11 0.6 10 0.55 

• 
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B~asts were simply defined as very large antibody­

forming cells; they were nearly all moderately 

basophilic. 

III . Results. 

285 plaque-forming cells have been examined from_ 

mouse lymph nodes. In addition, 10 plaque-forming 

cells have been obtained from the spleens of mice 

which had not been intentionally immunized. Figures 

5 . 3 and 5.4 show the morphological classifications of 

all the active lymph node cells. Fig. 5.5 illustrates 

the range of antibody-forming cell typesproduced by 

immunization, while fig. 5.6 shows plaque-forming cells 

from "normal" mice. 

(a). 19S/7S comparison. 

No striking differences between the populations 

of cells releasing 19S or 7S antibody have emerged 

(figs. 5.3 and 5.4). Certainly there is no monopoly 

of any particular morphological type by either functionai 

class. The most detailed comparison available for the 

19S and 7S-producing cells from 1 mouse at the same 

time is presented in table 5.8. . . '.!:here was no sign,-

ficant difference in N/C ratio (p = 0.1) or average 

Si%e (p = 0.3) between these 2 groups, and the degree 

of basopn ii i a was the same (about 2.5 on the subjectiv e 
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scale) in almost all the cells. 

(b). Predominant cell types. 

Most of the antibody-forming cells were "basophilic 

mononuclears" of various sizes (fig. 5.5i to 5.5r) • 
.5 Their ave rage size decreased as the reponse progressed. 

Plasma cells were less common (a total of 56 in 285 

cells); more plasma cells were found in secondary than 

in primary resp.onses. 

(c). Early stages of response. 

In the primary response, the earliest antibody­

forming cells to appear were all blasts or large 

basophilic mononncJ.ears. In the secondary, blasts were 

rare, and the earliest antibody-formers were large, 

medium or small basophilic cells. 

(d). Middle phase of the response. 

During the period in which active cells were most 

plentiful (4-7 days after antigen in the primary, 

3-5 in the secondary response), the main antibody­

forming cell type was a basophilic mononuclear from 
, 

9-13f in diameter, with a nucleus occupying from 0.6 

to 0.8 0£ the total area of the cell. Plasma cells, 

as defined here, were most common at the peak of the 

secondary response, when they represented about 1/4 to 

1/3 of the active cells. 
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Fig. 5.5. Plaque-forming cells from the popliteal lymph 
nodes of immunized mice. (a) and (b): cells in mitosis; 
(c) and (d): blasts; (e) and (f), (g) and (h): large and 
small plasma cells; (i) - (r): basophilic mononuclears of 
different sizes; (s) and (t): small lymphocytes. The type 
of antibody-forming cell most commonly found was the "medium 
basophilic mononuclear" (k) and (1). The black and white 
photographs can give only an approximate indication of the 
degree of basophilia of a cell. For example, (m) was 
considerably more basophilic than (s). Magnification 
approx. 1800 . 
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Fig. 5. 6 . Plaque-forming cells from the spleens of 
non-immunized mice . (a): small - medium lymphocyte; 
(b): a similar cell, but more basophilic than (a), 
classified as a medium basophilic mononuclear; 
(c) and (d): atypical plasma cells?; (e): 2 small 
lymphocytes which together produced 1 plaque; (f): 
medium - large lymphocyte. Magnification approx . 1800. 
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(e). Late stages of response. 

Active cells were difficult to isolate at these 

times. Of those examined, most were very- small, and 

a number were small to medium lymphocytes. Some had 

little cytoplasm; the cell in fig. 5.5r was specially 

noticed, in the living state, as being not much larger 

than a sheep red cell, yet it formed a large plaque. 

(f). Plaque-forming.cells from unim.munized mice • 

. Seven plaque-forming cells were isolated by the 

2-step procedure. In addition, 3 pairs of joined 

cells, each responsible for 1 plaque, were successfully 

smeared, when it was found that the 2 members of each 

pair were morphologically almost identical; e~ch pair 

was therefore scored as 1 active cell, since it could 

not be decided whether 1 or both members of the pair 

were releasing antibody. Several other pairs were 

found to involve 2 morphologically dissimilar members -

these have not been included in the results. 

Of the 10 plaque-fonning cells, 6 were non­

basophilic lymphocytes, 1 large, 1 medium and 4 small. 

Two of the remaining 4 cells were classed small 

basophilic mononuclears, and 2 as small plasma cells, 

although these had more or less central nuclei and were 

not at all typical in appearance (fig. 5,6). 
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The antibody-forming c_·ells in normal mice seem to-i 

resemble the population of active cells taken from 

immunized lymph nodes at a late stage in an immune 

response. This supports the idea that plaque-forming 

cells in unimmunized animals arise by previous 

stimulation with cross-reacting antigens. Such anti­

gens would have to be of a type which elicits only 19S 

antibody production (bacterial endotoxins?), since cells 

releasing 7S haemolysin do not seem to occur in normal 

spleens. The plaques produced by these cells were 

just as big as those formed by cells at any time during 

an intentionally induced immune response. 
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F. DISCUSSION. 

Antigenic stimulation of the popliteal lymph nodes 

of mice with sheep erythrocytes gives rise to 2 classes 

of antibody-forming cells; these are distinguished by 

their ability to form plaques in the absence or presence 

0£ anti-mouse gamma globulin antiserum. Three 

observations suggest that these cells are releasing 19S 

and 7S haemolysin respectively. First, the sequential 

appearance of antibody-forming cells of the 2 classes 

correlates well with the serum titres of 19S and 7S 

haemolysin, as described by others. Second, the anti­

globulin serum used to develop plaques enhanced the 

lytic effect of 7S but not 19S antibody. Third, 19S 

antibody is believed to be several hundred times more 

efficient at lysing red cells than 7S antibody 

(Humphrey and Dourm.ashkin, 1965; Borsos and Rapp, 1965; 

Moller and Wigzell, 1965). 

It should be emphasised that the classification 0£ 

cells as producers of 19S or 7S antibody rests only on 

a correlation between a property of the haemolysin they 

release and the same property of antibodies found in 

serum. Serum contains the products of a very large 

number of cells; small subclasses of haemolysin may 

exist which have very different properties from the 
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average. For example, a class of 7S antibody may 

exist which lyses red cells with the efficiency of 

most 19S molecules. Cells producing this sort of 

antibody would be wrongly classified. Formal proof 

of the molecular weight of the antibody from a single 

cell would require ultracentrifugation of the product 

of that cell alone. 

The kinetics of appearance of cells producing 

19S antibody in the spleens of mice after immunization 

with sheep erythrocytes has been well studied since 

the first description by Jerne et al. (1963). The 

response of the popliteal lymph node differs in 

several ways. N10 plaque-forming cells can be found 

in the node for nearly 3 days after antigenic stimul­

ation. A period follows in which active cells rapidly 

a ppear, doubling their numbers every 2-3 hours, on an 

average. This rate of increase is incompatible with 

any known capacity of lymphoid cells for mitotic 

division; presumably cells are being "switched on" 

during this phase. By contrast, the lag phase is 

much shorter in the spleen, around 24 hours, (Wigzell 

et al. 1966), and plaque-forming cells appear more 

slowly, to reach peak numbers at about 4 days after 

antigenic stimulation. Plaque-forming cells can usually 

be found in the spleens of "normal" mice, while lymph 
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nodes do not seem to harbour such cells. 

Cells producing 19S antibody fall off as those 

releasing 7S haemolysin increase in number. Moller 

and Wigzell (1965) have suggested that the 7S antibody 

"switches of:f" rec.xuitment of 19S precursors. The 

situation seems to be more complex than this however, 

since cells of both types persist for at least 70 days 

after primary stimulation, and eventually show a more 

or less parallel decline in numbers. During the 

secondary response, 19S and 7S plaque-forming ~ells 

both rise and fall in parallel (fig. 5.2). No doubt 

homeostatic mechanisms control_ the proliferation o:f 

antibody-forming cells; antibody, and persisting 

antigen may both be involved. 

The majority of the haemolysin-producing cells in 

mice were found to be basophilic, fr.om 8-14p. in diameter 

and with a nucleus which occupied most of the apparen~ 

area of the smeared cell. These were called, non-

commitally, "basophilic mononuclears". Some of the 

larger members of this group may correspond to the 

immature plasma cells described by others. The smaller 

cells would probably be indistinguishable from normal 

small to medium lymphocytes in preparations where 

basophilia was not apparent, for example in phase 

contrast pictures of living cells, or in fluorescence-
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stained sections or smears. A number of apparently 

"normal" non-basophilic small lymphocytes were found 

to be producing antibody, especially late in immune 

responses, or in samples from the spleens of animals 

which had not been deliberately immunized. 

Evidently, antibody formation is not the prerogative 

of mature plasma cells in this system. The immediate 

question which the morphological heterogeneity of 

antibody-forming cells poses ·is; how are these different 

types interrelated?.· To answer this, investigations 

using markers additional to morphology and function are 

required. 
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G. SUWIIARY. 

Methods have been standardized for detecting 2 

classes of haemolysin-producing cell in the mouse, 

and evidence is presented that these cells are 

releasing either 19S or 7S antibody. A description 

is given of the changing numbers of cells of both 

types in popliteal nodes of mice throughout the 

primary and secondary immune response to sheep 

erythrocytes. 

Individual antibody-forming cells have been 

examined by light microscopy at all stages of the 

immune response. A wide variety of morphological 

types was found to produce haemolytic antibody. The 

predominant type of active cell was basophilic, and 

from 8-14p. in diameter, with a relatively large nucleus. 

Mature plasma cells were found, hut less commonly. 

No consistent differences were observed between cells 

releasing 19S and 7S antibody. 

Ten pl~que-forming cells from the spleens of 

unimmu.nized mice have been characterized. ix of these 

were lymphocytes, 2 were small basophilic cells, and 2 

were classed as atypical plasma cells. 



CHAPrER 6. 

NATURE OF THE ANTIBODY PRODUCED BY 

SINGLE CELLS. 
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A. INTRODUCTION. 

It is well known that the injection of a single 

antigen into an animal results in the appearance of 

serum antibody which is heterogeneous in such pro­

perties as molecular weight, electrophoretic mobilLity, 

antigenicity (chemical structure) and specificityo 

At the c~llular level, an obvious question is; does 

each cell produce all these types ox antibody, or only 

1 or a restricted number of types? Results of 

fluorescence studies (discussed in chapter i) indicate 

that antibodies of different broad chemical groups are 

usually found in different cells. The work cited in 

the previous chapter demonstrates a subdivision of cel1..s 

on the basis of the haemolytic efficiency (and hence 

probably nolecular weight) of the antibody produced. 

But the most characteristic property of antibody is its 

sp~cificity, and the range of specificity to be found 

in the antibody from a single cell is of most relevance 

to immunological theory. Cells from animals immuni~ed 

with more than 1 antigen usually produce antibody af 

only 1 detectable specificity (Nossal, 1958), but reports 

o:f 2 antibody specificlities in single cells have been 

published over the last few years (see chapter 1). 

This chapter demonstrates heterogeneity of antibody 
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TABLE 6.1 

Plaque-forming cells in the popliteal efferent lymph of 
2 sheep, immunized with Salmonella muenchen and tested against 
sheep erythrocytes sensitised with various lipopolysaccharides . 
(Lymph collected from each sheep 4 days after primary injectioru 
of S. muenchen) . 

Sheep A. 

Source of bacterial !Group of 0-antigens plaque- I 95% 
antigen used to bacterium forming conf. 
sensitize rbcs. cells/10 6 limits . 

:±: 
s. muenchen I c:2 6,8 I 4525 I 1800 

s. bovis-morbificansl c2 6,8 2740 I 1530 
I 

s. anatum. I El 3,10 2225 1005 

s. abortus-bovis I B 1,4,12,27 530 400 

S. t~himurium I B- 11,4,5,12 100 only 1 pklq.i,le 
I 

E •. coli I - - < 50 -
Normal sheep red cells - - < 50 

Sheep B. 

S. muenchen I C' 2 6,8 19300 I 4100 

s. bovis-morbificansl c2 6,8 17400 4000 

s. anatum I El 3,10 50 only l 
plaque . 

s. abortus-bovis I ]ffi I :r., 4, 12, 27 I 4900 I 1260 
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produced by different cells when 1 antigenic partic1e 

is injected, and homogeneity of the antibody from 

single cells when 2 antigens are injected simultane­

ously. 

BJ. HETEROGENEITY OF ANTIBODY SPECIFICITY: BETWEEN CELLS. 

All the sheep used for the work described in 

chapter 4 were antigenically stimulated by subcutaneous 

injection o1f boi]Bd Salmonella muen~hen. Popliteal 

efferent lymph was then assayed for cells producing 

plaques when incubated among erythrocytes sensitised 

with a lipopolysaccharide. extract of the homoll_ogous 

bacteria. In 2 sheep, further samples of the same 

efferent lymph cells were tested for their ability to 

lyse sheep red cells coated with ]ipopolysaccharides 

from other bacteria. 

Table 6.1 shows that smaller numbers of cells were 

able to lyse erythrocytes coated with lipopolysaccharides 

from other salmonellae. Antigens other than the 

0-antigens of the Kauffman-White scheme must have been 

responsible for this effect. Cells from the 2 sheep 

showed different patterns of cross-reactivity. 

Erythrocytes sensitised with lipopolysaccharide from 

Salmonella anatum. detected almost as many plaques as 

did erythrocytes coated with homolgous antigen in the 
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case of sheep A. By contrast, very few rrells from 

sheep B were able to lyse erythrocytes coated with 

s. anatum. lipopolysaccharide. 

A maximum number of plaque-forming cells could be 

detected when the homologous lipopolysaccharide was 

used to sensitise target erythrocytes. Presumably 

the cells reacting against heterologous lipopolysacc­

harides represent a fraction of this total populationi 

of antibody-forming cells. The alternative, that the 

use of homologous and heterologous antigens detects 

entirely separate populations,, was disproved in the 

following experiment. 

a.ells from sheep B, coJlected 1 day later than tho-se 

tested for table 6.1, were found to contain 1450 celJl.s 

per million active against S. rouenchen lipopo]ysaccharide, 

and 270 per million active against S·. anatum. (The 

ratio of the numbers of these 2 populations was thus the 

same as on the previous day). Lymph cells were then. 

incubated in chambers with a mixture of red cells, half 

of which had been sensitised with the homologous, and 

half with the heterol~gous, lipopolysaccharide. Of 

33 plaques, 11 were "clear", indicating lysis of both 

sets of red cells, and 22 were "partial" where only 1 

of the lipopolysaccharides had reacted with antibody. 

Partial plaques were less easily detected than clear 
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ones, and a few may have been missed. The results 

fit the interpretation that those cells producing 

antibody which combined with the heterologous antigens 

also formed antibody to the homologous lipopolysacchar-

ides. Whether this double reactivity was due to 2 

distinct antibodies of different specificities, or to 

one which cross reacted with both antigens could not be 

decided from the data available (see "Discussion"). 

C. HETEROGENEITY OF ANTIBODY SPECIFICITY: WITHIN CELLS. 

In an animal immunized with 2 antigens, the 

incidence of cells producing 2 antibodies might be 

greatly increased if both antigens were pres·ented on the 

same particle. To test this idea, adult CBA mice were 

stimulated with 2 non-cross reacting antigens coupled 

to the same or to different individual red cells. 

(a). Lack of cross reaction between antigens. 

The 2 antigens used were lipopolysaccharides from 

Salmonella mu.enchen and Shigella sonnei. Cells froIIt 

mice immunized with either of these antigens did not 

produce plaques when incubated with sheep erythrocytes 

sensitised with the other lipopolysaccharide. 

(b). Sensitising isologlous red cells. 

Mouse erythrocytes were sensitised by incubating 
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TABLE 6.2 

Lytic titres of 2 rabbit antisera prepared against 
Salmonella muenchen (A), or Shigella sonnei (B), and tested 
against sheep or mouse red cells sensitised with A, B, or 
A and B lipopolysaccharides. 

Rabbit 
antiserum 

A 
A 
A 

B 
B 
B 

A 
B 

Type of 
red cell 
sensitised 

sheep 
sheep 
sheep 

sheep 
sheep 
sheep 

mouse 
mouse 

Sensitising 
lipopolysacc. 

A 
B 

A+B' 

A 
B 

A+B 

A+B 
A+B 

50% haemolytic 
end-point 
(recip. of 
dilution) . 

35,600 
< 200 

60,800 

< 10 
130,000 

60,800 

160 
80 
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0.1ml of the packed cells with 2 ml saline containing 

4oor gm/ml of the lipopalysaccharide (see chapter 2). 

For double sensitization, both antigens were incubated 

together with the erythrocytes. It was shown that 

each individual red cell had both antigens on its 

surface by the following 2-step procedure: 

(i). Two antisera, prepared in rabbits against the 

lipopolysaccharides,were shown to be specific for the 

immunizing antigen by testing against sheep red cells 

coated with either lipopolysaccharide (table 6.2). 

(ii). Each of these specific antisera lysed all the 

mouse red cells in a doubly sensitised population. 

Titres were rather low - the mouse cells seem to be 

relatively resistant to lysis. Sheep red cells 

doubly sensitised in the same way lysed to high titre 

with either antiserum. 

(c). Immunizing mice. 

(table 6.2}. 

Six mice were immunized in 3 groups of 2. Each 

received 0.025ml of sensitised isologous erythrocytes 

intravenously (lateral tail vein). All mice were 

killed 4 days later, and single cell suspensions made 

from the 2 pooled spleens of each group. 

Group D (doubly sensitised). These 2 mice received 

red cells sensitised so that each cell had both 

antigens on its surface. 
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TABLE 6.3 

Plaque-forming cells from the spleens ~f mice immunized 
with 2 antigens; . tested against shee~ erythrocytes a~ated 
with only 1 of the antigens (see text). As in taqle 6.2, 
"A" ref ers to antigen from Salmonella muenchen, and "B" to 
ant i gen from Shigella sonnei. 

Spleen Sheep eryths. Plaque-forming 
pool. sensitised 6 

with: cells/10 . 

D A 100 
D B 70 

s A 300 
s B 100 

C A 120 
C B 150 
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Group S (separately sensitised). Half of red 

cells had been sensitised with 1 antigen, and 

half with the other, then the 2 batches were 

mixed before injection. 

Group C (control). One mouse received 0.025ml 

cells sensitised with lipopolysaccharide from 

S. muenchen, and the other, the same number 

sensitised with an extract from Shigella sonnei. 

Spleen cells were pooled after killing the mice. 

(d). Assaying for plaque-forming- cells. 

The spleen cells from each pool were first tested 

against populations of sheep red cells sensitised with 

only 1 antigen (table 6.3). Each pool was then 

assayed, in standard chambers, against a mixture of 

sheep erythrocytes, half of which had been sensitised 

with 1 antigen, and half with the other. About 300 

plaques were examined for each pool, to record numbers 

of "probable" and "possible" clear plaques form.ed by 

lysis of both sets of erythrocytes. The concentration 

of spleen cells was adjusted to give about 40 plaques 

per chamber so as effectively to eliminate overlapping 

of plaques. All readings were done "blind". 

(e). Results. 

Clear plaques were uncommon, and their frequency 

was statistically indistinguishable between groups 
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TABLE 6.4 

Double plaques when cells from the 3 spleen pools were 
assayed against a mixture of sheep erythrocytes, half of 
which had been sensitised with antigen A, and half with B. 
(See text) . 

Spleen Double plagues counted. 
pool Possibl..e Probable Total 

D 2 2 4-
s 6 0 6 
C 4 4 8 
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(table 6.4). It seems likely that the areas of doubl_e 

lysis observed were due to a background of cells 

producing antibody to sheep erythrocytes. The control 

group would also have detected double plaques caused by 

cross-reacting antibody, overlapping, or mechanical 

disturbance of the monolayers. 

(f). Conclusions from this experiment. 

No spleen cells releasing haemolytic antibodies of 

2 different specificities were detected when mice were 

doubly immunized. The result was the same when the 2 

antigen3 were attached either to the same, or to differ­

ent individual erythrocytes. 
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D. DISCUSSION. 

This brief study demonstrates the usefulness of 

the plaque technique for analysing the antibody 

produced by single cells. Two main points have been 

shown. First, when a complex antigen was injected 

into a sheep, active cells differed in the specificity 

of antibody which they released. Second, when mice 

were injected with 2 antigens simultanously, the antigen 

being attached either to the same or to different 

individual isologous erythrocytes, the great majority 

of cells released antibody possessing only 1 of the 2 

detectable specificities. Neither of these findings 

is new. That individual cells from doubly stimulated 

animals usually produce antibody directed against only 

1 of the antigens was first shown by Nossal (1958), and 

the coro].ary, that different cells produce different 

antibodies was directly demonstrated by Makela (1964). 

Recently, Hiramoto and Hamlin (1965) reported that 

in guinea- pigs immunized with gamma-globulin, nearly 

half the antibody-forming cells could be shown, by 

double fluorescBnce, to be producing separate antibodies 

against 2 fractions of the antigen molecule. The 

difference in result between this and other reports is 

probably one of resolution; if Hiramoto and Hamlin had 

used whole gamma globulin instead of fractions to test 
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their cells, they would have concluded that all the 

cells were releasing only 1 antibody, directed against 

gamma globulin. In the present study, cells detected 

as forming antibody to one lipopolysaccharide and not 

to another may well have been releasing a number of 

antibodies of different specificities corresponding 

to different portions of the lipopolysaccharide molecule. 

Evidently, a much sharper resolution of the spec­

ificity of the antibodies involved is needed before 

any upper limit can be set to the number of different 

specificities which a single cell may produce. Stated 

in another way, the problem is to find how large a 

portion of the antigen influences the cell, and how 

antibody combining sites against this antigenic fragment 

are distributed among the separate molecules coming from 

the cell. If an antigen molecule with recognizable 

determinants A, Band O is injected, what proportion 

of cells reacting against A also react with B, and with 

O, and is this reactivity on separate molecules? 

Such an analysis may be technically feasible, and 

the plaque test, with its capacity for rapid scanning 

of a large number of active cells, would seem to be the 

most suitable of available methods. "A", "Bu and 11 0 11 

could be enterobacterial antigens or, much better, 

haptens, using Merchant and Hraba 1 s (1966) adaptation 
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of the plaque technique. The first step would be to 

immunize an animal with 2 antigenic determinants, 

_ A and B, joined together as 1 molecule, "AB". For 

immunization, AB could be attached to a protein carrier 

or to isologous erythrocytes. The lymphoid cells of 

the immunized animal would then be tested against a 

mixed population of erythrocytes conjugated separately 

with A or B. If Hiramoto and Hamlin are right, most 

active cells would produce clear plaques. Plaques 

due to the release of 1 antibody (anti-AB) would 

presumably be abolished by the presence of either free 

antigen A or Bin the medium. (Preliminary tests have 

shown that plaque lysis of lipopolysaccharide-coated 

erythrocytes can be inhibited by free lipopolysaccharide 

in the medium). Plaques due to separate anti-A plus 

anti-B should be converted from clea-r to partial by 

either 1 inhibitor, and abolished by both together. 

This process has not yet been tested with plaque-

forming cells. It would depend on the same principle 

as the procedure of cross-absorb ·tion which is commonly 

used to distinguish cross-reacting from separate 

antibodies in serum. 

The next step would be to immunize an animal with 

AOB', where O is of variable size, its function being 

to separate A and B. The test for antibody-forming 
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Qells would then be per£ormed in exactly the same way, 

when antibody capable of combining with the whole 

determinant AOB could be recognized. If A, O and B) 

were available separately and in pairs £or combination 

with red cells, the population could be further analysed 

for cells producing antibodies to A, o, B, AO, AB, and 

OB, and for combinations of these. In this way it 

might by possible to determine the amount of antigen 

"seen" by the antibody-forming cell, and the range of 

antibody specificities produced. 
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E. SUMIVIARY. 

A mixed plaque technique has been used for analysing 

the antibody spec ificities produced by single cells. 

Batches of target erythrocytes are coated with only 1 

of the 2 immunizing antigens; equal numbers of each sort 

of target cell are then incubated in monolayers with the 

lymphoid cells under test. Cells releasing antibodies 

of one or both specificities produce partial and clear 

plaques respectively . When a complex antigen, boiled 

Salmonella muenchen, was injected into sheep, antibody of 

different specificity was released by different individual 

cells from popliteal efferent lymph. ~¥hen Salmonella 

and Shigella lipopolysaccharides were injected simult­

aneously into mice, cells producing antibodies against 

both these antigens were not detected, and must have 

comprised less than 2% of the population of antibody-

forming cells. This result was obtained even when both 

antigens were coupled to the same individual isologous 

red cells before immunization. 

A method is suggested for attempting to determine 

the size of antigen fragments which influence the 

specificity of antibody released by single cells, and 

for analysing the distribution of combining sites among 

the separate molecules coming from a cell. 



CHAPTER 7 

MODEL SYSTEMS FOR STUDYING THE DEVELOPMENTAL 

HISTORY OF ANTIBODY-FORMING CELLS. 
¥ 
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Methods which have been used to trace the life 

histories of cells involved in antibody formation were 

reviewed in chapter 1. Two of the most promising 

model systems appeared to be the in vitro culturing 

of cells, and the in vivo colony method of Kennedy 

et al. {1966), and Playfair et al. (1965). This 

chapter records some relatively unsuccessful attempts 

to culture antibody-forming cells in vitro, and a 

more thorough exploration of the in vivo colony model. 

A.- IN VITRO CULTURES • 

Plaques did not develop when standard chambers 

containing normal mouse spleen cells and shee·p red 

cells were incubated for up to 3 days. Also 

unsuccessful were attempts to culture single antibody­

forming cells in microdrops of.medium which had been 

''conditioned" by preincubation with normal spleen cells. 

Cells stopped releasing detectable antibody within 24 

hours, and were never seen to divide in the microdrows. 

The ability to produce plaques was retained for 

longer periods by a small proportion of spleen cells 

in mass cultures. Fig. 7.1 shows the results of 1 

experiment. Suspensions of dispersed spleen cells 
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Fig. 7 . 1 

Survival of plaque-forming cells in cultures in vitro. 
The ordinate is the logarithm of numbers of plaque-forming 
cells found in replicate culture dishes at different times. 
Unbroken lines represent cells producing 19S antibody, 
broken lines follow numbers of cells forming 7S antibody. 
Top left: 

Top right: 
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Bottom right: 

Primary immunization 2 days before removing 
spleen cells for culture . 
Primary, 3 days before. 
Primary 4 days before . 
Secondary, 2 days before . 
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were prepared from 4 groups of mice which had received 

a primary intravenous injection of sheep erythrocytes 

2, 3 or 4 days previously, or a secondary injection 2 

days before sacrifice. Cells from each group were 

incubated in 6 small (5cm diameter) glass petri dishes 

in an atmosphere of 5% CO 2• Each petri dish contained 

2.5xlo7 nucleated cells in 7.5ml of Eagle's medium with 

10% added foetal calf serum, and 0.04% sodium bicarb-

onate. This medium was changed daily. The cells 

from 1 dish in each group were counted every day, 

tested for viability by trypan blue exclusion, and 

assayed for plaque-forming cells by the free suspension 

technique. 

During the first 24 hours of incubation, the 

number of antibody-forming cells dropped rapidly in 

all groups (fig. 7.1). For the next 48 hours, numbers 

' 

of cells releasing antibody of high haemolytic efficiency 

(probably 19S antibody), declined more slowly, except in 

cultures from mice which had been immunized for the 

first time 2 days before killing, where the low leve1 

of active cells was maintained. Plaques due to anti-

body of low haemolytic efficiency (7S) were first 

recognizable after 24 hours in cultures taken from 

mice immunized 4 days before killing. This may 

represent a true genesis of new 7S-producing cells, 
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or it may reflect the preferential survival of cells 

which were masked in earlier assays by the higher 

proportion of 19S-producers. After 4-6 days of 

incubation, numbers of plaque-forming cells had 

dropped to low levels in all cultures. About 20% 

of the cells were viable at 4 days. 

One attempt to culture cells from the popliteal 

efferent lymph of a sheep immunized with Salmonella 

muenchen suggested that these free-floating cells may 

be more resistant to in vitro , conditions. Numbers o~ 

cells producing antibacterial antibody decreased only 

5-fold in 7 days of culturing under the same conditions 

as described for mouse spleen. The active cells 

observed after 5-7 days of culture were about 50% 

smaller in average diameter than the original plaque­

forming cells taken fresh from the lymph. These cells 

were very fragile however, and invariably disintegrated 

when efforts were made to smear them. 
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B. COLONY FORMATION IN THE SPLEENS OF IRRADIATED 

ISOLOGOUS MICE. 

The use of lethally irradiated animals as 

immunologically inert culture chambers has been 

discussed in chapter lo Kennedy et al.(1966) and 

Playfair et al . (1965) observed that when a relatively 

small number of normal spleen· or lymph node cells was 

injected intravenously into an irradiated recipient 

mouse, subsequent antigenic stimulation provoked the 

appearance of small, anatomically localised regions of 

antibody-forming tissue in the spleen. Kennedy et al. 

estimated the average number of plaque-forming cells 

in these regions by parallel Jerne-type assays on 

whole spleens of similarly treated mice. This section 

describes the direct measurement of cells forming 19S 

and 7S haemolytic antibody in colonies of this type. 

I~ The recipient mice. 

(a). Irradiation. 

Adult CBA mice (usually 10-14 weeks old and of 

either sex) received 1300r of whole-body gamma irrad­

iation from a 6 Co source, at a rate of about 14.8 ·rads/ 

minute. Irradiated mice were fed on pellets containing 

0 . 09% chloromycetin and 0.05% Achrornycin. Most 
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TABLE 7.1 

"Background" levels of plaque-forming cells in the 
spleens of irradiated adult CBA mice. Each figure 
represents the mean number of active cells in 2 spleens . 
Mice received injections of bone ma8row (2xl06 isologous 
cells), or sheep erythrocytes (5xl0 cells) in the 
combinations indicated, 1 day after 1300rads of whole 
body irradiation • . 

Bone marrow: 

Antigen: 

0 

Days 3 
after 
injection 4 

5 

8 

11 

I 

I 

I 

I 

+ 

+ 

35 

58 

6 

35 

55 

+ 

+ 

35 

15 43 13 

20 13 33 

80 10 8 

30 1'3 10 

3 13 35 
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of these animals survived for at least 12 days after 

irradiation without injections of bone marrow or spleen 

cells. 

(b). Injection of donor spleen cells and antigen. 

The spleen cells, together with 5xlo8 sheep 

erythrocytes, were injected intravenously into recipients 

on the day following irradiation. 

(c). Assay for plaque-forming cells. 

In most of these experiments, a very small number of 

active cells was mixed, in the recipient tissue, with 

a large number of host cells. Jerne-type assays were 

therefore routinely used to detect the plaque-forming 

cells. Cells producing 19S or ?S antibody were assayed 

in parallel on separate plates. 

( d). "Background". 

Numbers of plaque-forming cells in the spleens of 

otherwise untreated irradiated mice were comparable ta 

those found in unstimulated normal mice. Table 7.1 

records this "background", which varied greatly between 

spleens but was unaffected by the injection of 2x10 6 

bone marrow cells of 5xlo8 sheep red cells, or by the 

interval between irradiation and testing. Unstimulated 

mice, whether irradiated or not, were never found to 

have cells producing ?S antibody in their spleens. 
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Fig. 7.3 
Fig. 7.2 . Antibody- forming cells in the spleens of 
irradiated reci~ient mice at intervals after intravenous 
injec1ion of 10' norm.al mouse spleen cells plus antigen 
(5xl0 sheep erythrocytes) . 
Fig. 7. 3. Irradiated recipients injected with 5xl05 
spleen cells from primed donor mice, together with 5xlo8 
sheep erythrocytes • 
Unbroken lines represent numbers of cells producing 19S 
antibody, dashed lines follow cells releasing 7S antibody. 
Each point is derived from a pool of 2 recipient spleens . 
95% confidence limits of each assay are less than 0 . 2 log10 units in most cases • 
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II. The response of large numbers of donor cells to 

antigenic stimulation. 

Before beginning a study of single colonies, the 

response of whole spleens from recipient mice was 

followed after injection of relatively large doses of 

spleen cells with antigen. Figure 7.2 shows the 

numbers of 19S and 7S antibody-forming cells in the 

spleens of such recipients after injection of 107 

normal isologous living spleen cells together with 

5xl08 sheep erythrocytes. Fig. 7.3 represents the 

response of 5xlo5 primed spleen cells to the same dose 

of antigen; donor mice had been immunized with 2 

injections of sheep red cells 3 months and 2t months 

previously. In the primary response, cells producing 

7S antibody were first seen 7 days after immunization; 

both 19S and 7S producers disappeared after 10-11 days. 

By contrast, in the secondary response, both types of 

cells appeared together, and large numbers could still 

be found in the recipient spleens after 12 days. 

III. Colonies of plaque-forming cells. 

(a). Method of assay. 

It was thought that anatomically discrete clusters 

of plaque-forming cells could best be recognized by 

cutting up spleens into a large number of pieces, then 
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assaying each piece s eparately for active cells. 

However, when preliminary attempts to subdivide 

spleens were observed under a low magnification, 

it was found that the act of cutting a section of 

the spleen liberated large numbers of single cells and 

clumps of cells which then contaminated subsequent 

sections . The procedure finally adopted was as 

follows:-

Sufficient normal spleen cells (1.4x10 6 or 2x10 6 

living nucleated cells) were injected intravenously 

with antigen into irradiated mice to produce an 

average of less than 1 colony per recipient spleen. 

Recipient mice were sacrificed at intervals, and 

their spleens were dried on filter paper and cut int~ 

8 approximately equal slices with a sharp razor blade, 

a clean blade being used for each cut. A suspension 

of dispersed cells was then prepared from each slice 

by gentle rubbing on a small piece of 400-mesh wire. 

Each batch of celis was assayed in parallel on 2 dup-

licate Jerne plates. When the whole spleen had been 

divided up in this way, the 16 plates were incubated 

for 1 hour at 37°c. One ml of anti-7S antiserum, at 

a dilution of 1/200, was then pipetted on to one of 

each pair of duplicate plates. After a further hour 

of incubation, this was poured off, and 1ml 1/10 
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TABLE 7.2 

Colonies of plaque- f orming cells in the segments of 
spleens from irradiated mi ce a t various times after 
injection with normal spleen cells and sheep erythrocytes . 
Column A represents numbers of cells releasing 19S antibody, 
and Column B, pla que counts on plates to which antiglobulin 
was added before complement . Colonies are marked with an 
asterisk : h i gh number s of plaque-forming cells in adjacent 
segments are considered t o belong to t h e same colony (see text) . 

Days 
stimu 

Spleen no . 

Spleen no . 

Days 
stimu 

I 

A 

0 
2 
0 
2 
2 
1 
1 
0 

- --· .. 

A 

1 
3 
6 
3 
4 
3 
3 
1 

1 

6 
B 

I 
0 
0 
1 
1 
1 
0 
0 
0 

5 

9 
B 

3 
2 
4 
0 
0 

120* 
140* 

0 

2 

7 
A B 

3 1 
1 1 
6 6 
2 0 
1 2 
6 2 

16* 9 
14* 5 

--·-, - -
6 

9 
A B 

4 0 
10 1 
13 3 

6 3 
23 18 
11 3 
17 2 
15 4 

3 4 

8 8 
A B A B 

11 5 2 l 
1 5 5 4 
5 10 4 5 

57* 700* 7 3 
11* 210* 9 4 

4 1 7 0 
3 10 4 35* 
9 10 3 21* 

7 8 

10 12 
A B A B 

101* 79 48* 135* 
30 18 11* 22* 

6 9 6 6 
40* 20 20* 14 
75* 22 2 1 
30 18 5 3 
30 20 1 2 
19 7 10 13 
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complement was added to all plates for 30 minutes' 

final incubation before counting plaques. 

(b). Criteria for colonies. 

Table 7.2 shows the plaque counts from 8 spleens, 

chosen to indicate the variety of responses obtained. 

Column A represents the assay for plaques due to 19S 

antibody, and column B, the numbers of plaques counted 

on plates to which antiglobulin had been added. Two 

main problems were encountered in identifying colonies. 

First, the "background" of 19S plaques varied consid­

erably between spleens; number 1 had a low background 

(table 7.2), spleen 2 an average level. Second, it 

can be seen that antiglobulin serum added to the B 

plates usually depressed the number of 19S plaques to 

roughly half the number counted on the corresponding 

A plates. 

(c). 19S colonies. 

A segment was considered to harbour a 19S colony 

if at least 10 plaques were counted on the plate, and 

if this count was more than 3 times higher than average 

background levels in other segments. Where counts 

were high in 2 adjacent segments, both groups of cells 

were scored as belonging to the same colony. The 

actual number of plaque-forming cells in the colony 

was determined by first subtracting the average 
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background level found over the rest of the spleen, 

then multiplying the remaining figure by 2 to allow 

for the fact that only half the spleen segment was 

assayed on the "19S" plate. Spleen 2 thus contained 

1 colony of about 48 cells releasing 19S antibody. 

(d). 7S colonies. 

A segment was scored as containing 7S-producing 

cells if the B plate contained significantly more 

plaques than the corresponding A plate. From such a 

B plate with y plaques, the total number of cells in 

the segment releasing 7S antibody was calculated as 

2(y- -~), where x was the count on the A plate. In 

spleen 5, a clearly demarcated 7S colony may be seen. 

In spleen 3, a 19S and a 7S colony were closely 

associated. Segment A4 of this spleen satisfied the 

criteria for a 19S colony, with perhaps a few calls 

from the colony in segment A5, where the count was 

about twice background. The total size of this colony 

was estimated at 116 cells. Cells from segments B4 

and B5 together produced 910 plaques; the size of the 

7S colony was estimated as 2(910-58) or approximately 

1700 cells. 

These criteria for identification of colonies are 

stringent - small colonies would not be recognized. 

A group of cells producing 7S antibody would have to 
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Fig. 7. 4 

Plaque-forming cells in the 8 segments of 3 spleens 
from irradiated mice injected with normal spleen cells plus 
sheep erythrocytes (spleens 2, 5 and 8 from table 7 . 2 are 
shown. Black columns: 19S-producing cells . Where 
7S-producing cells were identified their numbers are 
represented by the height of the white columns • 
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be about twice as numerous as the 19S-producers from 

the same segment in order to be classified as a colony. 

This stringency was necessary because of the relatively 

high and variable background encountered in these 

spleens. Fig. 7.4 shows colonies from 3 spleens in 

histogram form. 

(e). Background. 

J\h.Un.bers of background plaques tended to increase 

with time after immunization. There was also a marked 

tendency for colonies to appear in those spleens where 

background was high. Mice which received ontigen but 

no spleen cells did not develop increased numbers of 

plaques (table 7.1). Assays of spleens from animals 

injected with spleen cells and no antigen are needed 

to decide whether this increased background is due to 

antigenic stimulation of donor cells; it may be that 

plaque-forming cells tend to leak away from colonies. 

Orje spleen assayed 1 day after injection of normal 

spleen cells plus antigen contained a distinct colony 

of about 80 plaque-forming cells; this may have been 

of host origin. 

(f)~ Kinetics of colony development. 

Figure 7.5 shows the results of 54 spleen assays. 

31 colonies were identified, 22 of 19S-producing cells, 

and 9 of 7S- producers. The pattern of app earance and 
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Fig. 7.5 

Development of colonies of antibody-forming cells in 
irradiated spleens . Each circle represents 1 colony. 
Black circles: numbers of cells producing 19S antibody in 
a colony. Open circles: 7S-producing cells . Two 
closely associated 19.S and 7S colonies were found ( see text), 
and the numbers of cells producing 19S or 7S antibody in 
these "double" colonies are connected by dashed lines. 

The lower histograms compare the number of colonies 
found (black colunms) with the total number of spleens 
examined (total height of columns). At 12 days after 
immunization, the 3 spleens studied contained a total of 
4 colonies. 
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growth of colonies is roughly that expected from earlier 

experiments where a relatively large inoculum. of c·ells 

and whole spleen ass~ys were used. Colonies varied 

greatly in size, suggesting that most of the antibody­

formers in the spleens of mice which received large 

numbers of cells may have belonged to 1 or 2 large 

colonies. 

(g) Association of 19S and 7S colonies. 

Two of the 9 7S colonies occurred in the same 

segments as 19S colonies. (table 7.2, spleens 3 and 8). 

Assuming that each colony can be focussed anywhere 

w, thin a segment, such an association of 2 out of 9 

7S colonies would be expected about 8% of the time by 

chance (appendix 1.4). However, in both these "doubles", 

the proportion of 7S to 19S plaque-forming cells is· 

roughly the same over 2 segments; this suggests that 

the colonies in fact overlap completely, and that they 

would have been found to coincide if spleens had been 

cut into, say 100 pieces instead of 8. 

A significant tendency for association between 

colonies of the 2 types could be explained in 2 ways; 

the 7S colonies arise separately, from different 

precursor cells, but develop best when closely assoc­

iated with 19S producing cells; or 7S-producing cells 

arise from 19S-producing cells, as suggested by 
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Nossal et al. (1964). The latter explanation seems 

much t he more probable one. 19S production may well 

cease shortly after 7S production begins, leaving a 

colony with only plaque-forming cells of the second 

type. 

IV~ Morphology of cells from single colonies. 

For the work described in the previous section, 

each spleen segment was reduced to a suspension of 

dispersed cells, all of which was then used in assaying 

for plaque-forming cells. If only a proportion of 

each suspension were used for such assays, the remainder 

could be kept at o0c until the segments containing 

colonies were identified; the other part of these 

colonies would then be available for study. If colonies 

are indeed clones, it would be of gr~at interest to 

com.pare the morphology of different members of the 

clone at the same time after antigenic stimulation of 

the precursor cell. A preliminary experiment reported 

here indicated that such a study would be technically 

feasible. 

Two colonies, each comprising about 100 cells 

releasing 19S antibody, were obtained from the spleens 

of 2 recipient mice 7 days after injection of normal 

spleen cells and antigen. The 2-step process desc r ibed 

in chapter 3 was used to isolate 4 plaque-forming cells 
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TABLE 7. 3 

Morphology of cells from single colonies . 

Colony 
no . 

1 

2 

Cell 
no . 

1 

2 

3 

4 

1 

2 

3 

4 

5 

6 

Averafie 
diam p- ) 

13 

12 

12 

? 

14 

15 

15 

16 

12 

12 

Basophilia 

2~ 

2~ 

2~ 

2~ 

2 

2 

2 

2 

3 

3 

Ratio 
nucleus/ 
cytoplasm 

0. 4 

o. 6 

0. 4 

in mitosis . 

0 . 5 

o. 6 
0. 5 

0.5 

O •. 5 

o. 6 
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from the first colony and 6 from the second. These 

individual cells were smeared and stained with 

Leishman's stain. In table 7.3 morphological features 

of each cell are recorded. All 4 plaque-forming cells 

from the first colony looked the same, except that one 

was in mitosis. In the second group, 4 cells were 

closely similar, and the remaining 2 were quite different 

although they closely resembled one another. The 

similarities between cells were much more striking than 

the figures in table 7.3 indicate; within each of the 

3 groups, each member had the same degree of apparent 

"granularity" of nucleus and cytoplasm, and stained to 

exactly the same shade. 
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C. DISCUSSION. 

The brief attempts at in vitro culture of antibody­

forming cells reported here were relatively unsuccesafui. 

Many workers have found that the test-tube is a poor 

substitute for the intact animal when differentiated 

cells are to be cultured. However, in vitro culture 

has one great potential advantage over in vivo wprk; 

the progeny of a single cell or population of cells 

can be localised. In effect, an extra marker, position, 

is available. If a single clone could be grown in vitro, 

there would be no need to rely on a functional test 

(antibody release) to detect members of the clone, and 

"silent" or non-functional members could be identified. 

In the experiments described in this chapter, a small 

number of clones may well have been multiplying normally 

while most of the cells were dedifferentiating or dying. 

A method is needed for the rapid detection of clones 

multiplying in vitro. Bradley and Metcalf (1966) grew 

colonies of bone marrow cells in sloppy agar over a 

feeder lay~rof kidney cells; this technique might be 

applicable to the antibody-forming system. 

The importance of the in vivo colony method of 

Kennedy and of Playfair is that the colonies which they 

describe may be single clones. Both groups have 
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adduced statistical support for this idea. However, 

it is knovm that a "one-hit" dose-response curJ/i:e can 

be obtained if an event (colony formation) is due to 

the combined action of 1 single unit from the input 

population and a relatively large number of assisting 

un t s (Coppleson and Michie, 1966). It is of crucial 

importance to establish that the colonies of antibody­

forming cells are in fact clones, and a direct demon­

stration should be attempted. One method of proof 

would involve tritium labelling of the antigen-sensitive 

precursor cells which are thought to give rise to 

colonies, perhaps by a prolonged course 0£ injections 

administered to a donor mouse. Cells from this labelled 

mouse would now be mixed with an equal number of cells 

from an unlabelled mouse, and the mixture injected 

into irradiated recipients. If colonies arise from 

single cells, one would expect to find consistently that 

either all or none of the antibody-forming cells in any 

1 colony were labelled. Mixed labelling would indicate 

that a colony originated from more th ~l precursor cell. 

The chief advantage of in vivo cloning methods 

over any in vitro counterpart which might be developed 

is that while conditions in the irradiated recipient 

are likely to resemble the normal host environment, 

there is less guarantee that the behaviour of cells 
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in vitro will reflect their role in vivo. The main 

disadvantage of the h ost spleen, as pointed ou·b 

earlier, is that only those cells which are releasing 

haemolytic antibody can be isolated from the vast mass 

of irrelevant host tissue. 

Two new properties of spleen colonies have been 

discovered using the method described in this chapter. 

First, direct assay of the plaque-forming cells from 

colonies has demonstrated a striking heterogeneity in 

colony size. This information is lost when average 

sizes are ei:rtimated by the method of Kennedy et al. 

Secondly, colonies of cells releasing 7S antibody were 

identified. These may arise from cells producing 

19S antibody, as suggested by Nossal. To prove this 

in the present system, more assays at a lower colony 

multiplicity are required; if 19S and 7S colonies are 

really associated at some stage of their growth, t h e 

proportion of such associations should not change as 

the overall incidence of colonies decreases, while the 

probability of associations due to chance would drop 

sharply. 

The average siae and kinetics of growth of 19S 

colonies observed in the present study agree well with 

the data of Kennedy's group. The incidence of antigen­

sensitive precursors in unprimed norm.al spleens appeared 
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to be about 1 per 2 million cells, or about 2-4 times 

lower than the value obtained by Kermedy et al. and by 

Playfair's group. This difference may be due to the 

obscuring of small colonies by "background" plaques. 

Kennedy states that, in their C57/Bl mice, background 

seldom exceeded 10 plaque-forming cells in any indivi­

dual spleen, a surprising observation in view of the 

much higher levels reported by Wigzell et al. (1965) 

in an extensive survey of the incidence of plaque­

forming cells in the spleens of normal mice of various 

strains. Colony formation has not yet been followed 

using donor spleens from primed mice; one preliminary 

test suggested that the incidence of antigen-sensitive 

precursors was about 100 time higher than in the 

spleens of unprimed mice. 

If it can be proved that the spleen colonies are 

in fact single clones, then a very powerful model 

system has been found for studying cell differentiation. 

Morphological examination of isotope-labelled cells at 

various stages of clonal development would provide, 

for the first time, direct information on the develop­

mental sequences followed by the progeny of one 

precursor cell. The proteins produced by different 

members of the same clone could also be compared; it 

would be relatively easy to detect heterogeneity of 
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antibody by testing plaque-forming cells against mixed 

monolayers of sheep and cross-reacting (goat, cow) 

erythrocytes, or using bacterial lipopolysaccharide 

antigens, as described in chapter 5. More optimist-

ically, if it is true that a single cell "switches" 

from 19S to 7S antibody production during dev,elopment, 

a means of studying the factors which influence this 

most interesting differentiative event may be at hand. 
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D. SUMlVIARY. 

Some relatively unproductive attempts to culture 

antibody-forming cells in vitro are described. 

The spleen colony model of Kennedy et al. lJ1966) 

and Playfair et al. (1965) has been investigated. 

In the present study, the spleens of recipient mice 

were cut into 8 segments, and colonies were detected 

by Jerne-type assays of all, or part of, dispersed 

cell preparations from each segment; a fraction of 

the cells from each segment could be kept for sub­

sequent study after colonies had been identified. 

Two new findings are reported. First, there is 

a more than 20-fold variation in the size of different 

colonies on the same day after antigenic stimulation. 

Secondly, cells releasing antibody of low haemolytic 

efficiency (?S) also appear in colonies during the 

primary response of donor cells in irradiated spleens. 

These seem to be associated with 19S colonies more 

often than would be expected by chance, suggesting 

that the cells producing 7S antibody develop from 19S 

producers. 



CHAP.rER 8 

THE PRECURSOR CELL. 
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In chapter 1, 3 properties of the precursor cell 

o~ the antibody-forming series were discussed; 

morphology, synthesis of DNA, and range of potential 

reactivity. This chapter briefly describes experiments 

aimed at deciding whether the precursor cell is a 

dividing or non-dividing type. Also, experimental 

methods are proposed for determining the moirphology and 

range of reactivity of these cells. 

A., DNA SYNTHESIS BY PRECURSOR CELLS. 

I. Method. 

Donor adult CBA mice were given 3 intraperit_oneal 

injections of lOOp.c of tritiated thymidine in 0.1ml 

(lmc/ml, 16mc/mM; Radiochemical Cfentre, Amersham, 

England). Injection times were approximately 26, 14, 

and 1-2 hours before killing the mouse. At sacrifice 

the spleen was removed, and a dispersed cell suspension 

made. These cells were washed twice at 240g in Eagle 1 s· 

medium, and the number able to exclude trypan blue 

estimated. From 3-24xlo 6 of these cells, plus 5x108 

sheep red cells were then injected intravenously into 

each of 2 recipient mice which had been subjected to 

1300rads of tutal body gamma irradiation 24 hours before. 

Recipient mice were sacrificed at 3,4,5 or 6 days 
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after receiving the donor cells and antigen. By 

this time plaque-forming cells, presumably of donor 

origin, could be found in suspensiorrs of cells from 

recipients' spleens. Single active cells were picked 

out as described in chapter 3, and smeared on gelatin­

coated slides. Usually 5-10 such cells were smeared 

on one slide, which was then fixed in methanol for 

1 hour. The cells were located by low power phase 

contrast scanning, and their positions marked. 

Stripping film (Kodak AR 10) was applied to the slides, 

which were exposed for 21 days. After developing and 

fixing this film, the cells were lightly stained with 

Azur A, and examined for grains. 

This experimental design is a modification of that 

used by Nossal and Makela (1962b). By transferring a 

limited population of prelabelled cells to an irrad­

iated host before antigenic stimulation, it was hoped 

that significant reutilization of label could be 

avoided. The 3 injections of tritiated thymidine 

given to the donor mouse were intended to label most 

rapidly-dividing cells; from 2-5% of this population 

of spleen cells incorporated the isotope. Many of 

these cells were very heavily labelled and it is quite 

possible that some cells were prevented from further 

division or killed by the large doses of tritiated 
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thymidine used. However, the capacity of the trans-

ferred spleen population to mediate an adoptive 

antibody response was unimpaired. 2xlo7 injected 

donor spleen cells thus contained not more than 10 6 

labelled cells, of which about 10- 20% would be expected 

to reach the spleen (Siminovitch et al. 1963). The 

quantity of labelled cellular DNA available for 

reutilization in the spleen was therefore very small. 

Control smears of large numbers of the cells from 

spleens of recipient mice were always subjected to 

autoradiography in parallel with the plaque-forming 

cells, and it was found that labelled cells were very 

rare among them (about 1/3000). 

For studies on the precursor cell of the secondary 

response, donor mice were primed by intravenous injection 

of tritiated thymidine. Spleens of recipient mice were 

assayed for antibody-forming cells in the same way 

except that antiglobulin was added to the medium to 

enable detection of l9S or 7S-producing cells. 

Significant numbers of plaque-forming cells usually 

appeared in the spleens of recipient mice 4 days after 

injection of donor cells plus antigen (see figs. 7.2 

and 7.3), or 3 days after transfer if the donor had 

been primed. It was obviously desirable to study 

plaque-forming cells as soon as possible after antigenic 
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stimulation in order to avoid the loss, by repeated 

division, of any radioisotope which they might have 

'°ntained (discussed below). On the other hand, 

active cells were technically much more difficult to 

isolate when rare in the recipient spleens, and in 

addition, at such times "background" plaque-forming 

cells of recipient origin could be expected to be 

encountered relatively often. In practice, antibody-

formers were only taken from spleens containing at 

least 100 active cells. In any one experiment, cells 

were usually obtained from 2 or 3 recipients sacrific:ed 

on consecutive days. 

Early experiments differed slightly in design 

from the above. Individual antibody-forming cells 

were stained with Leishman's, examined, thendecolorized 

for 24 hours in 4 changes of methanol before applying 

stripping film. This procedure led to some formation 

of non-specific grains above isolated cells,(due to 

persisting stain?). Numbers of grains above plaque-

forming cells were compared with numbers above cells 

in the control smears of the recipient's whole spleeR 

population. Control counts were as high as 2-5 grains 

per cell, and on occasion more than 10 grains per cell 

in these pre-stained preparations, whereas in control 

smears which had not been prestained with Leishman 1 s 

the level was usually much lower than 1 grain/cell. 
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Expt • 1· Primary 
no. or 

secondary 

1 I primary I 

2 I secondary I 

3 I primary I 

4 !secondary I 

TABLE 8.1 

Days 
after 
injection 
that 
recipient 
killed. 

4 
5 

3 
4 
5 

4 
5 

4 
5 

Plaque­
forming 
cells 
per 
spleen 

100 
2000 

100 
2000 

100000 

300 
5000 

600 
50000 

Cells examined 

Unlabelled Labelled 
(no . of 
grains) . 

2 0 
21 0 

1 0 
21 0 
26 1(17orll)* 

6 0 
6 0 

3 0 
17 1( 6) 

* This was a pair of cells, joined together, 
which formed 1 plaque. 1 cell had 17 grains 
over it, the other 11 
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II•- Results. 

(a) . Criteria adopted for positive labelling~ 

A cell was not considered to be labelled if: 

(i) it had less than 3 grains over, or within of, 

the nucleus. 

(ii) it had less than 5 times as many grains as an 

average of adjacent background areas. 

(iii) "background" averaged more than 2 grains/150p.2• 

(If background levels were higher than this, the 

cells were not scored at all). 

(b) . Cells not stained before applying film. 

Table 8 . 1 shows that o f 105 antibody-forming cells 

examined so far, only 2 have been labelled. "One II of 

these was a pair of joined cells, which together 

formed 1 plaque. 

cells . 

All other figures are for single 

(c). Cells prestained with Leishm.an's, then decolorized. 

Table 8.2 shows the much higher, presumably non­

specific grain counts obtained by this procedure. 

The 2 cells which had approximately 70 and 200 grains 

over their nuclei obviously do not belong, in a statist­

ical sense, to the main population, and probably 

contained radioisotope. A small number of genuinely 

labelled cells could have passed undetected in this 

population. 



1 
Lt , 

~ 
[

1l .·· 
n.' . ~. ' ' ,. ' 
liL 
~: ~ 

!' .1 
~ . ~ f; ~ {' 
~ ~ .. 
'(. 

k~ 
!" ., 
k'• t 
~-~\: 
I,'. 

~
~ ... i ' . 
' i' .~-

J} · 

l' ' .. 
' ;·~ t 

·~ ·r , .. '. 
t~ 
I',• 
~ .c 
\.f'. § .... 
~ ~ 

f':,, ' 
1 ': 
:i :· 
Ji .?' 

i'. \_ i:' .\ 
~ ~~­
L~ ~' 

k I' 
l ,·,. 
~ f• 

t !\, 
P' .. /, 
I • i:. ~' ' 
i\ .·1. 

~t'~ 1" ,, 
1' l ...... . ·' 
1 ·\ 

(-:: 
/,'t 

t
\ • . 
.'!.< ,;, 

\,\, I I •. 
1'\\/ 
n,. 
1· I ti .t 
~ ~ 
~\\ ~:i 
.. i 
• ·i L·. tt·. 

~
·1,, 

' ~·( 
1'1 
t' 
t~~ 
t '.' 
Ls• ,. 
i i 
r\ 
[l 
f, t .. , 
oi; 
I•/ 
r • 
(·• 
t'j' I·:., 

w· 
!
·(.; 
., 
r 
r 

(/ 
!' .' 

h '. r,. 
I,. 
I I r , .. 
I t ,. 
,1.. 
1'. 

I.Ill 

,wweeew 

.... 

TABLE 8.2 

Number of grains over antibody-forming cells 
which had been prestained with Leishman ' s , then 
decolorized , before applying stripping film. 

No . of No . of cells 
grains in class . 

. 
0-4 52 

5- 9 15 

10-14 6 

15- 19 6 

20- 24 2 

25- 69 0 

70 1 

approx . 200 1 
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III- Discussion. 

The results indicate that antigen-sensitive 

precursor cells, in either primary or secondary 

responses, are not a continuously dividing cell line. 

Against this tentative conclusion it may be argued that 

s ufficient cell division took place to dilute all label 

from the active cells. Injection of 2xlo7 unprimed 

cells into a recipient mouse should give rise to about 

20 colonies in the spleen (chapter 7), so that the 100 

cells in the spleen 4 days later might have arisen by 

an average of 3 division per precursor cell. On the 

other hand, most of these 1-00 cells could belong to 

1 or 2 more rapidly growing clones, in which case the 

chances of loss of label by dilution would be greater. 

Two controls are proposed to test the importance of 

this effect. 

(i). Administering tritiated thym.idine daily to 

donor mice for periods of 1 month or more before 

sacrifice. An increase in the proportion of labelled 

antibody-forming cells in recipients' spleens would 

demonstrate the significance of the negative results 

obtained so far. 

(ii). Injecting antigen into the donor mouse, followed 

by 3 spaced doses of tritiated thymidine, then trans­

ferring donor cells without antigen to recipients and 
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examining antibody-forming cells at various times to 

determine the time needed for total loss of label by 

division. 

B1., MORPHOLOGY OF ·THE PRECURSOR CELL. 

In the work of Gowans and McGregor (1963) 

already referred to, the ability to produce antibody 

was fully restored to X-irradiated rats by an injection 

of thoracic duct lymphocytes. More than 99% of the 

rescuing inoculum were small lymphocytes, which strongly 

suggests that these cells eventually generate antibody­

forming progeny. 

In such encperiments it is always possible that ~ 

very small number of contaminating cells of another 

morphological type may have been responsible for sub-

sequent antibody formation. Even when most of the 

larger cells of thoracic duct lymph are removed by prior 

incubation, it could be argued that the remaining 

contaminants multiplied sufficiently to make up their 

numbers again. This possibility could be minimised 

by assaying the population of donor cells for colony­

forming precursors rather than by examining the sera 

of recipients for antibody. One might attempt to 

purify the small lymphocytes in several different ways, 
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for example by density gradient centrifugation and on. 

glass bead columns (Shortman, 1966), then test each of 

the purified populations directly for its content of 

cells capable of giving rise to colonies. 

C. THE NUMBER OF ANTIGENS TO WHICH A SINGLE 

IMMUNOLOGICALLY COMPETENT CELL CAN REACT: 

ANTIGEN CO:MPETITION. 

The simplest way to determine the range of­

competence of a single cell would be to test it with 

a randomly selected antigen. If it responded, the 

chances would be high that it could have responded 

to any such antigen. Essentially, this is what the 

colony- transfer experiments discussed in chapter 1 

tried to do. They showed that an irradiated animal's 

immunological competence could be fully restored with 

what was believed to be a single clone of cells. The 

objections to this experimental design ware discussed. 

Firstly, the haemopoietic nodules transferred were 

almost certainly not pure clones. Secondly, consid­

era ble time elapsed between the early growth of the 

~one and the testing of its immunological competence. 

Obviously, a method is needed which will analyse the 
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ability of an antigen-sensitive progenitor c.ell to 

reac t at the moment of testing. 

The phenomenon of antigenic competition (reviewed 

by Adler, 1964), at first sight suggesrts that precursor 

cells are multipotential. The observation is that if 

2 antigens, A and Bare simultanously injected into an 

animal, in some situations only half as much antibody 

to A is produced as would have appear'ed if B had not 

been injected. If anti-A and anti-R precursor cells 

were committed, one would have expected the 2 responses 

to be independent. There are 2 main difficulties in 

the path of the conclusion that antigen competition 

represents direct competition for multipotential 

precursor cells. The first is that the amount of 

antibody in the serum reflects only distantly the number 

of precursor cells stiillUlated. The second is that the 

competition "blocm_" may occur at some point other than 

the precursor cell; perhaps at the macrophage level. 

A macrophage saturated with A might not act as a 

processing agent for B. 

The first of these objections could probably be 

eliminated by assaying not for antibody, or for antibody­

forming cells, but directly for the precursor cells 

themselves. Antigen competition could be tested for 

in mice restore:\with, say 10 6 isologous spleen cells, 
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r 
then challenged with m·xtures of erythrocytes. Spleens 

would later be examined for colonies of plaque-forming 

cells. The demonstration of a reciprocal drop in 

anti-A and anti-B colonies when both antigens were 

injected together would be a prima facie case for 

competition for some of the cells in the donor population. 

of spleen cells. Conversely, an additive response would 

suggest comm.ittedness on the part of these cells. 

To demonstrate the point during induction at which 

a competition for antigens occurred, it would be neces-

sary to break the process down into stagesa The 2-step 

induction method of Ford, Gowans and McCull gh (1966) 

might be used; an in vivo priming of macrophages with 

antigen, followed by an in vitro incubation with thoracic 

duct cells which are then allowed to multiply and produce 

antibody in an irradiated recipient. The experiment 

would be, (i) prime 2 populations of macrophages 

separately with antigens A and B; (ii) compare the 

effect of incubating a standard lymphoid cell population 

with either 1 or both of the primed macrophage popula-

tions. "Induced" lymphoid cells would be assayed by 

colony formation in the spleens of irradiated hosts. 

If twice as many colonies could be initiated by exposing 

lymphoid cells to both lots of primed macrophages 
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together, this would suggest committedness in the 

lymphoid cells. Competition might then be demon­

strated within macrophages by treating l population 

with both antigens together before incubating them 

with the lymphoid cells. 
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D. SU1V1Iv1ARY. 

An attempt has been made to determine whether 

the antigen-sensitive progenitor of antibody-forming 

cells is a dividing or non-dividing cell type. Donor 

mice were labelled with 3 intravenous injections of 

tritiated thymidine at 12-hourly intervals. 1-2 hours 

after the last injection, washed spleen cells from this 

animal were injected into irradiated isologous recip­

ients, together with sheep erythrocytes as antigen. 

The antibody-forming cells which appeared in spleens 

of recipients several days later were examined auto­

radiographically for evidence of DNA synthesis by 

precursor cells before antigenic stimulation. The 

great majority of the antibody-forming cells examined 

so far have been unlabelled, suggesting that the 

precursor cells did not incorporate tritiated thymidine. 

However, the significance of these negQtive results 

will need to be tested by 2 controls, which are 

discussed . The use of a cell-transfer system appears 

to have eliminated significant reutilization of label. 

Methods are proposed for determining the morphoiogy 

and range of antibody-forming potential of precursor 

~ells . 



CHAPTER 9 

CONCLUSIONS. 
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From the intense cellular activity which follows 

antigenic stimulation of an animal, a new protein, 

antibody, emerges. Thi s process has been traditionally 

monitored by titrating serum for antibody activity. 

The Jerne-Ingraham plaque technique has reduced the 

assay of antibody-forming cells to the same level of 

simplicity as a serum titration, and its application 

allows a much more direct measure of cellular events 

than serum titrations can ever prov1de. 

A filOdification of the plaque technique has been 

described and standardized in chapter 2. This has 2 

main advantages over the original; it is more sensitive, 

and perhaps more important, it allows the living 

plaque-forming cells to be clearly seen. To achieve 

this, some sacrifice of the great screening power of 

the Jerne method was required, and the "free suspension" 

modification tests about 100 times less cells for 

activity than the agar plaque technique. 

Just as plaque formation may be used to detect 

small numbers of cells producing one antibody, so it 

may be employed in a search for the rare cells releasing 

antibodies of 2 defined specificities. It was shown in 

chapter 5 that immunizing mice with 2 antigens on the 

same individual erythrocytes did not give rise to 

detectable numbers of cells producing both corresponding 
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antibodies. It is clear that the process of 

immunizing an animal with complex antigens, then 

searching for cells producing an arbitrarily selected 

2 antibody specificities, can provide only a minimum 

estimate of the range of different antibodies which 

single cells can manufacture. A more positive 

approach to this problem, based on immunizations with 

defined antigens of increasing size, has been suggested. 

The modified plaque technique involves incubation 

of monolayers of lymphoid cells and erythrocytes 

without any supporting medium. Such monolayers are 

quite stable in small drops under oil, and plaque­

forming cells can be easily manipulated out of these 

drops and smeared individually on slides for light 

microscopy. Alternatively, a number of active cells 

can be clumped together with antiserum, to provide 

a specimen large enough to be readily stained and 

embedded for electron microscopic examination. 

These new techniques were applied to a study of 

the antibody-forming cells in 2 model systems. fhe 

first of these was Morris's sheep lymph node preparation 

(Hall and Morris, 1962). It was found that a very high 

proportion (up to 5%) of the cells in the efferent lymph 

from the popliteal node of immunized sheep could release 

antibody to bacterial lipopoly saccharides. Most of 

these cells produced very small plaques which were 
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undetectable by the original Jerne technique. By 

light microscopy, the active efferent lymph cells 

were large and basophilic, and in the electron 

microscope they were found to have very small amounts 

of endoplasmic reticulum.. While this work was in 

progress, the papers of de Petris et al. (1965) and 

Hummeler et al. (1966) were published, confirming 

that cells with apparently little organization for 

protein synthesis could contain and release antibody. 

Cells of this type were also found in sheep lymph 

nodes, but here an additional population of much 

smaller antibody-forming cells was identified; many 

of these were mature plasma cells with considerable 

amounts of endoplasmic reticulum. 

The second model system studied was the popliteal 

lymph node of mice immunized with sheep erythrocytes. 

Cells releasing 19S or 7S haemolytic antibody were 

examined by light microscopy throughout the primary 

and secondary immune response. Antibody-forming cells 

exhibited considerable morphological heterogeneity. 

Most were basophilic mononuclears from 8-14)1 in average 

diameter, with a relatively large nucleus, while a 

smaller proportion were typical mature plasma cells. 

These findings are thought to explain the existing 

state of disagreement about the nature of the antibody-



- 173 - . ' 
forming cell. The larger basophilic mononuclear 

cells probably correspond to the immature plasma 

cells of Nossal (1959), Fagneus (1948), and others. 

The smaller basophilic mononuclears would be classified 

as small lymphocytes in preparations where their 

basophilia was not apparent. This would account for 

the observation of Attardi et al. (1964) that most of 

the cells releasing anti-phage antibody in rabbits were 

small lymphocytes, as judged by microscopic examination 

of living unstained cells. Similarly the fluorescing 

"small lymphocytes" of Vasquez (1961), Baney et al. 
l,r cJ. . --(1962), van Imrth (19660, and others are probably 

equivalent to the small basophilic mononuclears of mice. 

The antibody-forming cells which Hummeler et al. (1966) 

and Harris et al. (1966) have called small lymphocytes 

were identified by electron microscopic examination, 

and were shown to have more protein-synthesizing 

apparatus than the majority of their inactive fellows; 

in Leishman-stained smears these active cells would 

no doubt have exhibited a greater degree of basophilia 

than most small lymphocytes. Some apparently "normal", 

non-basophilic small lymphocytes were found to be 

capable of antibody production in the present study, 

and these were particularly common amongst a small 
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sample of plaque-forming cells from the spleens of 

unimmunized mice. 

What to call these cells - "small lymphocytes 11 , 

basophilic mononuclears, or aberrant plasma cells 

may seem to be a semantic argument, and therefore 

unimportant. However, the point at issue is really, 

how are these different kinds of antibody-forming cell 

related to one another? Do they arise by different­

iation from separate precursors, or are they all 

different stages in the one developmental sequence? 

A review of the literature shows that while a great 

deal of work has been done on the life history of 

antibody-forming cells, the enormous complexity of 

cellular events in stimulated lymphoid tissue has 

prevented the emergence of any really clear under­

standing of this process. Evidently, new methods for 

following the development of single clones are required. 

The recently described techniques of Kennedy et al. 

(1966), and Playfair et al. (1965) may be suitable, 

if it can be proved that the colonies they detect are, 

as seems most likely, single clones. In chapter 7 

of this thesis, methods were defined for studying the 

morphology of individual members of these colonies and 

the antibody they produce. It was shown that the 

colonies are enormously variable in size~ and that 
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they may involve cells producing 19S or 7S antibody. 

Finally, in chapter 8, methods for determining 

some of the properties of the antigen-sensitive precursor 

cell are discussed. Some findings are presented which 

suggest that these cells are not continously dividing, 

but the experiments are inconclusive as they stand, and 

further controls are proposed. 

Interest in antibody formation transcends immunology. 

The process demonstrates the essential features of 

differentiation, and as an experimental model, has the 

advantage that the stimulus may be chemically defined. 

Because of the great activity of antibody, the product 

of single cells can be studied, and because of its 

characteristic specificity of action, populations of 

cells which are morphologically indistinguishable may be 

functionally subdivided. Study of cellular events in 

antibody formation may have quite broad biological 

implications. Further progress seems likely to depend 

on the development and application of techniques which 

ccm directly demonstrate the life histories of single 

clones. 
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APPENDIX l: Statistics. 

Ll. The proportion of c=ells in a chamber which 

produce plaques·. 

The area of the high-power field used to count 

lymphoid cElls throughout this work was 0.074m.m.2• 

If the area orf a ciliam.ber is Amm2, and the average 

number of nucleated cells in a high-power field is If, 

then total number of nucleated a.ells· in the chamber 

= H x. A 
0.074 

If P plaques are counted, the proportion of nucleated 

cells producing plaques 

- p X 0.074 
H xA 

And the number of plaque-forming cells per 10 6 

nucleated cells, 

The bracketed part of this expression relates the area 

o~ the calibrated high-power field to that of the: 

whole chamber, A. 
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1. 2. Theoretical expression for variance of N. 

Put K 

Then 

4 - 7.4 r 10 
A 

in equation (1). 

2 [ 1 - 2 1 1 2 J Var N = K (Var P.Var if.)+(P .Var m)+(If) .Var P ••• (2) 

{Equation (2) was kindly derived by Dr D. Vere-Jones· 

o~ Department of Statistics, Australinu National 
-University). P represents the mean plaque count, -

and ft-the mean of reciprocals of counts of H. The 

assumption is made that Pis the mean number of 

plaques which would be counted in chambers containing 

the same number of total lymphoid cells as the 

chamber considered. 

counts of Hare made, 

-So P = Var P = P. When ni 
1 

Var Ir is substituted for Var 1 H, 

reflecting the greater accuracy of estimation of i• 
Substituting in ( 2) ,-

Var N = K
2 

P [ ~~ Var~ 
- 2 

( 1 + P) + ( ~.) ] •••••••••••••• ( 3 ) 
]l The variance of ffimay be derived from variance of H, 

but this involves calculating third and fourth moments 

of the distribution of counts of H. 

to work with reciprocals of H. 

It is simpler 
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Errors due to overlap of plaques. 

Assume that the maximum extent of overlap of 2 

equal plaques such that the two may still be 

distinguished occurs when the periphery of each 

passes through the centre of the other. In the 

case of equal plaques of diameter 2d, the frequency 

with which overlap greater than this occurs will be 

the same as the frequency with which plaques of 

diameter d wi].]_ touch or overlap at all (diagram). 

From Armitage (1949), the "concentration", u, 
of such small plaques in a chamber is given by 

U = 1f N.- a._2 / 4- A .. 

where ~· - number of plaques 

d - diameter of the plaques (assumed all the 

same) 

A - total area of the chamber 

Problem: In a chamber of area lOOm.m.2 containing 

100 plaques of diameter 300p-, by how much would the 

true number of plaques be underestimated? This is 

equivalent to finding the number of examples a£ overlap, 
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-ho_wever slight, between 100 circles of 150p diameter. 

Here U - 100(0.15) /4 i l00 

- 0.177. 

Now the extent of ®Verlapping, m, 

= true no. of plaques , 
no. of areas of lysis 

overlapping plaques being taken as one 11 area of lysis". 

To good approximation, m = 1 + 2U 

- 1.0354. 

This means that if 103.54 plaques of 150p. diameter 

are present in one chamber, only 100 will be entirely 

isolated from other plaques. So the number of 

pl~ques. of 300p. diameter in the chamber would be 

underestimated by about 3.5% • 
• 
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1.4~ In the population of 54 x: 8 = 432 spleen 

segments, 22 contain colonies of cells producing 

19S antibody. (It is assumed that all these 

colonies are located predominantly in only 1 segment). 

If the 9 7S colonies are allotted at random among the 

432 segments, what is the chance that 2 or more a~ 

these 7S a;olonies will "fall" on segments already 

containing 19S colonies? 

The proportion of segments containing 19S 

colonies= 22/432 = 0.051. 

The chance of drawing 0,1,2 ••••• of these 

segments containing 19S colonies in 9 trials is given 

by successive terms of the binomial expansion 

(0.949 + 0.051)9. 

The chance that no 7S colony will fall in a 

segment containing a 19S colony - 9c-1 (0 •. 949) 9 

- o. 625 

And the chance that 1 7S colony will so fall: 

- 9c1 (0.949) 8(0.051) 1 

- 0.290 

So the chance that 2 or more of these 7S colonies· 

will occur in segments containing l9S ~olonies: 

- 1 - (0.625 + 0.290) 

- 0.085 
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APPENDIX 2. (Techniques). 

2. l . Preparation of single cell suspensions. 

Suspensions of dispersed cells from lymph n odes 

or spleens were at first obtained by mincing the 

tissue with scissors in Eagle's medium, then 

pipetting vigorously. In later experiments, a 

better initial breakdown of the tissue was achieved 

by gently rubbing it against a piece of 400-mesh 

nichrome wire. Large clumps of cells were removed 

by centrifugation at 120g for a fews ds. The 

Qells in the supernatant were then centrifuged once 

in Eagle's medium at 240g for 5 minutes. When 

antibody was present in high concentration in the 

tissue, a second wash was done. Approximately 

5 - 10 x 101 dispersed cells (plus occasional small 

c~umps) could be obtained from the spleens of adult 

CBA mice. From 70 - 90% of these were alive as 

judged by trypan blue exclusion. About 10 6 single 

cells could be extracted from an unstimulated 

popliteal lymph node of a mouse. 
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2. 2. Lymph and serum antibody titrations. 

Samples of lymph or serum were inactivated by 

heating at 62.5°c for 10 minutes, then diluted in 

serial 2-fold steps in perspex trays in 0.25ml 

volumes of 0.9% NaCl solution containing 0.028gm 

CaC12 and 0.079gm, MgC12/ litre. To each well, 

0.025ml 5% erythrocytes was added. For haemolys:iin 

titrations, unsensitised erythrocytes were used, and 

for titrations of antibacteriaL antibody, the red 

crells were sensitised with the appropriate 

lipopolysaccharide. For lysis tests, 0.025ml} 

c~mplement was added to each well, and for agglut­

ination a similar volume of the same batch of guinea­

pig serum, which had been inactivated, was used. 

End points were read as 50% lysis or agglutination~ 
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