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Summary. The number of antibody producing cells, i.e. rosette forming cells
(RFC) has been studied in the spleen of mice injected intravenously with a full
immunizing dose of sheep RBC.
The spleen of a non-immunized mouse contains a background of about 70,000

RFC (normal RFC), which do not appear to be the 'target cells' for antigens of
sheep RBC. Our findings suggest that the spleen of a mouse contains about 4000
'target cells' which initiate the immune response to sheep RBC.

In the primary response, the rise ofRFC is exponential for about 96 hours with
a doubling time of 13 hours involving seven to eight consecutive doubling periods.
The peak value of RFC is 1-6 x 106 per spleen.

In the secondary response, the doubling time ofRFC is 6-7 hours. The exponen-
tial rise lasts 72 hours and includes nine to eleven doubling periods leading to a
peak of 3 5 x 106 RFC/spleen.
Adjuvant in the primary response leaves the doubling time ofRFC unaltered but

prolongs the exponential rise until the 120th hour leading to a peak of 6-3 x 106
RFC/spleen after ten doubling periods. The effects of priming and adjuvant are
not fully additive.

INTRODUCTION
Quantitative detection of antibody producing cells in large populations of lymphoid

cells isolated from animals immunized with sheep red blood cells (RBC) can be performed
by the method of immunocyto-adherence (ICA). ICA is based on the specific fixation of
sheep RBC at the surface of the antibody producing cells, i.e. rosette formation (Nota,
Liacopoulos-Briot, Stiffel and Biozzi, 1964; Osipova and Karasik, 1964; Zaalberg,
1964; Biozzi, Stiffel, Mouton, Liacopoulos-Briot, Decreusefond and Bouthillier, 1966a).
The method of ICA has been applied to the cytodynamic study of the immune response
in lymph nodes (Biozzi et al., 1966a) and spleen (Biozzi, Stiffel and Mouton, 1966b;
Zaalberg, Van der Meul and Van Twisk, 1966).

Several authors, using the method of localized haemolysis in gel (LHG) (Jerne and
Nordin, 1963; Ingraham and Bussard, 1964), have investigated the problem of antibody
production at the cellular level (Jerne, Nordin and Henry, 1963; Moller 1965; Sterzl
and Riha, 1965; Landy, Sanderson and Jackson, 1965; Jerne, Nordin, Henry, Funi
and Koros, 1965 personal communication; Hege and Cole, 1966a; Wortis, Taylor and

A* 7



Dresser, 1966). A comparison between the two methods has shown, however, that ICA
is more sensitive than LHG in detecting antibody producing cells (Biozzi et al., 1966a;
Zaalberg et al., 1966), even when the method of LHG has been adapted to reveal the cells
producing non-haemolytic antibody by addition of anti-globulin serum (indirect LHG)
(Dresser and Wortis, 1965; Sterzl and Riha, 1965). The ICA method, relying on antigen-
antibody binding, detects all classes of antibody present at the surface of the producing
cells (19S and 7S) (Biozzi et al., 1966b; Cunningham, Smith and Mercer, 1966).

In the present article, the ICA method has been applied to a study of antibody produc-
ing cells in the spleen of mice, immunized intravenously with sheep RBC, during both
primary and secondary responses as well as under the influence of an adjuvant.

MATERIALS AND METHODS

Adult male Swiss mice of 23-26 g were used.

Immunization
The mice were immunized intravenously with the number of washed sheep RBC

indicated in each experiment. The adjuvant used was a heat killed suspension of Coryne-
bacterium parvum (C. parvum*) in saline containing 2-5 mg/ml of bacteria (dry weight).
C. parvum was administered intravenously at a dose of 0 5 mg/mouse at the times indi-
cated in each experiment.

ICA test
Counting of rosette forming cells (RFC) was performed according to the method

previously described (Biozzi et al., 1966a, b), except that phosphate buffered saline
(pH 7 2) was used instead of Hanks's solution. The cells giving the ICA form typical
rosettes as shown previously. All ICA tests were set up on duplicate samples. The number
of RFC was usually determined by observing about 5 x 104 spleen cells. The overall
experimental error of the ICA technique is + 20 per cent.
Serum agglutinins and haemolysins were measured as previously described (Biozzi

et al., 1966b).
The ICA test and the serum antibody titration were performed on pooled spleen cells

or serum from groups of five mice at different times after immunization. Each point re-
ported in the figures represents the average value from two or three such groups (ten
to fifteen mice). A larger number of mice was used to measure the background level of
RFC in the spleen before immunization.

RESULTS

In animals immunized intravenously with sheep RBC, the great majority of antibodies
are produced by the spleen (Rowley, 1950; Biozzi, Stiffel, Halpern and Mouton, 1960;
Landy and Baker, 1966). The dose of antigen used in the present experiments (108 sheep
RBC) produces a maximum response at both humoral (Dietrich, 1966) and cellular level
as measured by LHG (Jerne et al., 1965; Wortis et al., 1966). These findings have been
confirmed using the ICA method since the increase in the number of RFC in the spleen
and of serum agglutinins are similar after immunization with either 108 or 5 x 108 sheep
RBC.

* C. parvum has been kindly supplied by Professor A. R. Prevot, Institut Pasteur, Paris.
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Cytodynamics of the Immune Response
PRIMARY IMMUNIZATION

The immune response as measured by the number of RFC in the spleen and by the
titre of serum antibodies in mice immunized with 10' sheep RBC is shown in Fig. 1.
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FIG. 1. Primary immunization: cellular and humoral response in mice immunized ii. with 108 sheep
RBC.

On the ordinate axis, the value of the normal background level of RFC in the spleen of
mice before immunization (about 70,000 RFC/spleen or0i5/1000 spleen cells) is shown at
zero time. The rise in RFC is not quite exponential, since the ascending phase of the
curve is somewhat S shaped. The minimum doubling time of RFC calculated on the
steepest portion of the curve is about 16 hours. In the descending phase of the curve, two
consecutive periods can be distinguished. The first from the 7th to the 20th day has a
halving time of 6 days, and the second from the 20th to the 90th day has a halving time
of about 35 days.
The level of serum antibody is not appreciably increased until the 3rd day. Thereafter

the agglutinins rise rapidly with a doubling time of about 22 hours (calculated between
the 3rd and the 6th day). During the ascending phase, there is a close relationship between
the rise in RFC and agglutinins. Afterwards the decline of serum agglutinins is slower
than that of RFC. The rise of haemolysins is somewhat steeper (doubling time 12 hours)
than that of agglutinins followed by a quicker decline. The total number of nucleated
cells in the spleen increases markedly soon after antigen injection. The spleen of a normal
mouse weighs about 100 mg and yields about Il-4 x 108 nucleated cells (1.-4 x 1 06/mg).
Two days after antigen stimulation the spleen weight is about 160 mg with a cellular
yield of 2*2 x 108. This increase persists during the ascending phase of the immune res-
ponse, thereafter it disappears progressively. It is of interest to note that the peak level
of RFC (1.-6 x 106') accounts for about 3 per cent only of the total increase of spleen cells
produced by antigen stimulation.
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SECONDARY IMMUNIZATION

The secondary response has been studied in animals primed with either 108 or 105
sheep RBC. A dose of 105 sheep RBC does not induce serum antibody but appears to
prime.

Secondary response after priming with 108 sheep RBC
Mice received the second injection of 108 sheep RBC 45 days after priming. The

resulting secondary response is represented in Fig. 2.
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FIG. 2. Secondary immunization: cellular and humoral response in mice primed with 108 sheep RBC
and challenged i.v. 45 days later with 1081 sheep RBC.

At the time of the secondary immunization, the cellular and humoral effects of the
primary response are still present. The spleen contains about 2 x lIO RFC and the
titre of agglutinins is high. Secondary immunization produces a very rapid increase in
the number ofRFC with a peak level of 3-8 x 106 on the 3rd day. This peak level is twice
as high as that of the primary response. The rate of rise of RFC is also greater with a
shorter doubling time of about 8 hours. The descending phase comprises an initial rapid
decline from the 7th to the 15th day (halving time of 3 days), followed by a slower decrease
until the 60th day (halving time 50 days).
The humoral antibody is characterized by a typical secondary response for agglutinins
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(doubling time 15 hours), whilst the haemolysin response is similar to the primary one.
The total number of spleen cells increases as in the primary response, but the yield of
spleen cells/mg is somewhat lower (1 1 x 106/mg).

Secondary response after priming with 105 sheep RBC
No modification of the normal background ofRFC in the spleen and of serum antibody

was detected in groups of mice immunized intravenously with 105 sheep RBC and tested
4, 8, 23 and 35 days after immunization. Nevertheless such a dose suffices to develop
immunological memory since mice challenged 25 days later with the usual fully immuno-
genic dose of 108 sheep RBC show a typical secondary response at both cellular and
humoral level (Fig. 3).

loin

V)I
0I

aO
V)

10I

7
1-10-

Q)
CL

1-

or

1.1d

0 0

0 0

LL

5

o.51

I'

T\ \\
I,/\ \

* ~~~~~Agglutinins

Ho..tlaemolysins

|.| RFC/

......

RFC/I000
spleen cells

o IV 310
z

u

6 c 2 10- *- PhIl Spleen cells

ao l\ y

-1/10,000

en

E

-1/1,000

.0

2,

0

-C

-1/100

-a

a.

2 4 6 7710 20 30 40 50 60
Days after immunization

FIG. 3. Secondary immunization: cellular and humoral response in mice primed with 105 sheep RBC
and challenged i.v. 25 days later with 108 sheep RBC.

The RFC rise rapidly to reach a peak of 3-5 x 106 with a doubling time of about 8 hours.
The descending phase of RFC is also similar to that observed after the immunogenic
priming (Fig. 2). The increased secondary production of both agglutinins and haemolysins
is evident and also the substantial increase in the total number of spleen cells.

EFFECT OF AN ADJUVANT ON PRIMARY AND SECONDARY IMMUNIZATION

The adjuvant used was a heat killed suspension of C. parvum, which is endowed with a
powerful adjuvant effect both on humoral antibody production and on the induction of
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delayed hypersensitivity (Neveu, Branellec and Biozzi, 1964). When C. parvum is adminis-
tered intravenously, its adjuvant effect is localized in the spleen which increases markedly
in weight and cellularity (Biozzi et al., 1966a). The phagocytic function of the reticulo-
endothelial cells is also greatly stimulated by C. parvum (Halpern, Prevot, Biozzi, Stiffel,
Mouton, Morard, Bouthillier and Decreusefond, 1963).

In the experiment represented in Fig. 4, the mice were injected intravenously with
0-5 mg of C. parvum; 4 days later they received the usual immunizing dose of 108 sheep
RBC. The background level of normal RFC in the spleen and the low titre of natural
antibodies in the serum are not modified by adjuvant alone, though the total number of
spleen cells is already increased at the time of immunization. C. parvum increases the
primary response about three times since the peak of RFC reaches 6-3 x 106 by the 5th

Io IICIs0 1/101000

- 0~~~~~~~~~~~~~

CE
10 10 1/100

_ 2~~~~~~~RCspleence?

o LL Ca

o 4 6 lo 20
I~~~~~~ RFC/ple In

w 0 0 o. 1000 spleenI.L 0 - cells

is about .Heoysin
I/100 0o

I/

2.11 Spleen cells

2 4 6 10 20

Days after immunization

FIG. 4. Effect of adjuvant on the primary immunization: cellular and humoral response in mice
injected i.v. with 05 mg of C. parvum and immunized i.v. 4 days later with dayssheep RBC.

day. The shortest doubling time calculated on the curve is 14 hours. The descending
phase was followed only until the 20th day, during which period the halving time ofRFC
is about 7 days.
The adjuvant C. Parvum affects only the peak level of agglutinins (doubling time about

19 hours) while haemolysins are not modified. The increase in the total number of spleen
cells produced by immunization is evident, though the spleen cell population was already
increased by adjuvant at the time of immunization. The composition of the spleen cell
population is probably modified by the adjuvant since the yield decreases to 0-8 x 106'
cells/mg.
The adjuvant effect of C. parvum on the secondary response to sheep.RBC is represented

in Fig. 5. The mice were primed with Il0' sheep RBC. After 21 days the animals were
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FIG. 5. Effect of adjuvant on the secondary immunization: cellular and humoral response in mice
primed with 105 sheep RBC and challenged i.v. 25 days later with 108 sheep RBC. The adjuvant
C. parvum was injected i.v. 4 days before the secondary immunization.

re-injected intravenously with 0 5 mg C. parvum followed, 4 days later, by the usual im-
munogenic dose of 108 sheep RBC. The addition of priming and adjuvant produces only
a small increase in the peak level of RFC (7.6 x 106) over the effect of adjuvant alone
(6.3 x 106, Fig. 4). The shortest doubling time (10 hours) is intermediary between that of
the primary and secondary response. The descending phase of RFC is characterized by a
halving time of2 days between the 5th and the 10th day, similar to that observed after
secondary immunization without adjuvant.

DISTRIBUTION OF RFC IN VARIOUS TISSUESATDIFFERENT TIMES AFTER PRIMARY AND SECONDARY
IMMUNIZATION

The number of RFC in various tissues was determined with the same technique used
for spleen cells. Blood leucocytes were obtained by mixing equal volumes of heparinized
blood with a 4 per cent solution of dextran saline (dextran 500, molecular weight
370,000, Pharmacia Uppsala, Sweden). After standing at 370 for 30 minutes, the leucocyte
rich supernatant was separated. The leucocytes were washed twice with buffered saline
before performing the ICA test.

Table 1 shows the distribution of RFC in various extra-splenic tissues after primary or
secondary immunization. The data were obtained in the same groups of mice used for
the experiments represented in Figs. 1 and 2. Clearly, the spleen contains the majority of
RFC throughout immunization. A definite increase of RFC is observed in the circulating
leucocytes during the early phase of primary and secondary response, corresponding
with the peak ofRFC in the spleen. These circulating RFC do not seem to settle in other
lymphoid tissues, since only occasional small increases of RFC were observed in the
lymph nodes and bone marrow.
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TABLE 1

DISTRIBUTION OF ROSETTE FORMING CELLS (RFC) AMONG DIFFERENT TISSUES OF MICE IMMUNIZED
INTRAVENOUSLY WITH SHEEP ERYTHROCYTES

No. of RFC/1000 nucleated cells isolated from:
Days after

immunization Spleen Lymph Bone Blood
nodes* marrow leucocytest

Primary immunization 5 8-5 0-5 - 1-4
108 sheep erythrocytes 12 5 1-2 0-2 0.1
i.V. 20 2-6 1 0-3 0.1

60 1*2 3 0.1 0*2
90 0-6 0-8

Days after
the second
injection

3 17 1 9 1 9-2
Secondary immunization 4 14-4 0*9 1-2 5
108 sheep erythrocytes 5 19 2
i.v. 45 days apart 7 15 1

10 6-7 2-2 - -
20 3*3 0-8 -

Non-immunized controls - 05 0*8 0*2 0.1

* Total number of lymph node cells isolated: about 3 x 107/mouse.
t Total number of leucocytes isolated: 1-5 x 107/mouse.

ANALYSIS OF THE CYTODYNAMICS OF IMMUNE RESPONSES

A peculiar result given by the ICA method is the surprisingly high level ofRFC found
in non-immunized animals (normal RFC). It seems very likely that the normal RFC
are responsible for the synthesis ofnatural antibodies against sheep RBC which are present
in low concentration in the serum of adult mice (Biozzi et al., 1966b).

It can be argued that not all of the normal RFC are the receptor cells which are stimu-
lated by antigen. Although the background of normal RFC is similar in normal mice
(Fig. 1), in mice primed with a low antigen dose (Fig. 3) or treated with an adjuvant
(Figs. 4 and 5), the dynamics of the immune responses are different in each case. This
lack of relationship suggests that the magnitude of the immune response is independent of
the pre-existing level of normal RFC. The experimental results reported in Fig. 6 confirm
this view.

This experiment was carried out in adult mice by removing a small fragment of spleen
(about 10 mg) under light ether anaesthesia. The number of RFC in the fragment was

established. (This value is representative of the content of the normal RFC in the whole
spleen since previous experiments had shown that the normal RFC are evenly distributed
throughout the spleen.) Two days after partial splenectomy the mice were immunized
intravenously with 108 sheep RBC. Seven days after immunization, the number of RFC
in the spleen and the level of serum agglutinins were determined in each mouse. Single
mice present a quite large individual variability in both the number of normal RFC
and in the peak level of RFC following immunization; nevertheless these two factors are

completely unrelated to each other as shown in Fig. 6. Agglutinin production is also inde-
pendent of the level of normal RFC. These results indicate that the majority of normal
RFC present in the spleen before immunization are not the receptor cells ('target cells')
for the antigens ofsheep RBC. The term 'target cells' is used without any implication as to
whether or not they are precommitted to a given antigen.
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This background of normal RFC interferes with the precise detection of the onset of
the immune response, since the initial rise of RFC produced by the immunization is
obscured by the number of normal RFC. Consequently the ascending phases of all the
curves (Figs. 1-5) are not quite exponential. In Fig. 7 the ascending curves have been
corrected by subtracting from each experimental point the values of the background of
normal RFC (reported on the ordinate axes at zero time). After correction the rise of RFC
follows strictly an exponential function of time for all types of immune responses, during
3-5 days after immunization. The kinetic constants governing each response, therefore,
have been calculated (Fig. 7). Assuming a constant rate of increase of RFC from the
beginning of the immune response, we have calculated by extrapolation to zero time the
number of 'target cells' initially stimulated by sheep RBC. The figures obtained by such
an extrapolation fall within the range of 2000 and 6000 for all responses. This variability
is certainly not significant so that the number of 'target cells' can be estimated as being
roughly 4000/spleen. This level does not appear to be markedly modified by either
priming or by adjuvant.
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FIG. 8. Cytodynamics of the immune responses represented in numerical co-ordinates (secondary im-
munization after priming with 10 sheep RBC).

LIMITING FACTORS OF THE IMMUNE RESPONSE

A striking feature of all immune responses described above is the sudden change
between the phase of rapidly expanding population of RFC and its decline (see Fig. 8),
where the data of Figs. 1, 2 and 4 are plotted on a direct numerical scale. It seems prob-
able that some limiting factor suddenly arrests further increase of RFC in the spleen.
The experiments reported in Fig. 9 suggest that such a limiting factor may be a shortage
of antigen. An additional antigen supply of 5 x 108 sheep RBC was administered in-
travenously to the mice on the 4th day after primary immunization with 108 sheep RBC

G. Biozzi et al.
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(Fig. 9a). The exponential rise was prolonged until the 8th day leading to a peak of 4*3 x
106 RFC. However, other still unknown factors limit the rise of antibody forming cells
even in the presence of antigen excess, since a second antigen supply (5 x 108 sheep RBC)
given on the 8th day does not prolong the increase in RFC (Fig. 9a).

Similar results were obtained in mice undergoing a primary response after the administra-
tion of C. parvum (Fig. 9b). The animals were immunized as in the experiment reported
in Fig. 4. Five times 108 sheep RBC administered intravenously on the 4th day prolonged
the exponential rise of RFC for 3 days.
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FIG. 9. Effect of additional antigen supplies (5 x 108 sheep RBC) administered i.v. during the ascending
phase of the immune response. (a) Primary immunization; (b) primary immunization in mice treated
with adjuvant (0-5 mg of C. parvum i.v. 2 days before immunization). The arrows indicate the time of
antigen supply.

DISCUSSION
It is well known that chiefly 19S immunoglobulins are produced at the beginning of

immunization, while 7S antibodies dominate in the later phases or during secondary
immunization. The parallel between RFC and agglutinins during the primary response
is broken after the 10th day of immunization, since the number of RFC falls while high
agglutinin levels persist (Fig. 1). The 19S immunoglobulins have a shorter circulatory
half life (0.5 days) than 7S globulins (2-5-5-4 days, Fahey and Sell, 1965). Therefore, a
smaller number of antibody producing cells will be required to sustain a high level of the
long living antibody prevailing in the advanced phase of primary response. Once more
possible extrasplenic localization of antibody producing cells may contribute to this
discrepancy. During the secondary response (Figs. 2 and 3) and after adjuvant (Figs.
4 and 5), presumably 7S antibody production dominates and the parallel between RFC
and agglutinins persists throughout the immune response.
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The shortest doubling times of RFC calculated on the steeper rise of the uncorrected
curves (Figs. 1-5) is somewhat longer than that resulting from the corrected curves by
subtracting the background of normal RFC (Fig. 7). This correction seems to be justified
by the lack of relationship between the level of the normal RFC and the degree of the
immune response (Fig. 6). Such a negative relationship has been observed by various
investigators using the LHG method (Sterzl, Vesely, Jilek and Mandel, 1965b; Hege and
Cole, 1966b; Wigzell, 1966). The rise ofRFC after correction follows a strict exponential
function of time throughout the entire ascending phase of all types of immune responses
studied (Fig. 7). Therefore, the kinetic constants calculated from Fig. 7 should be con-
sidered more precise than those resulting from the non-corrected curves.
The doubling time of RFC during the primary response (13 hours) is longer than that

of 7-9 hours reported by various authors using the LHG method which detects only
haemolytic (19S) antibody (Jerne et al., 1963; Koros, Fuji and Jerne, 1966; Hege and
Cole, 1966a). This difference suggests a shorter doubling time of 19S forming cells
compared to the whole population of antibody producing cells detected by the ICA
method. The doubling times of RFC obtained in the present study (Fig. 7) are somewhat
longer than those of 9 hours reported by Albright and Makinodan (1965) for blast cells
involved in antibody production in both primary and secondary responses. A longer
doubling time (12 hours) for the secondary response has been obtained by other investi-
gators (Schooley, 1961; Nossal and Makela, 1962). The exponential rise of RFC in the
secondary response encompasses nine to eleven doubling periods. This finding is in good
agreement with the results obtained by the above investigators (also Makela and Nossal,
1962 and Makinodan and Albright, 1967).
The extrapolation of the number of 'target cells' in Fig. 7 deserves comment. It is

based upon the assumption that the rise ofRFC occurs at a constant rate starting immedi-
ately after antigen stimulation without a latent phase. The existence of a latent phase will
obviously lead to an under-estimate of the number of 'target cells'. Such a latent phase
is not generally admitted, but should be of only short duration (Uhr and Finkelstein,
1967). Allowing a maximum latent period of 12 hours, the level of 'target cells' would
rise to about 8000. As the latent period is probably shorter than 12 hours, it will interfere
little with the extrapolation shown in Fig. 7

Since the dose of sheep RBC used is a maximal one, it is likely that all the 'target cells'
in the spleen are stimulated by the antigen. The whole spleen of a mouse would therefore
contain about 4000 cells which are capable of responding immunologically against the
antigens of sheep RBC. Makinodan and Albright (1963), and Vasquez and Makinodan
(1966) using the in vivo culture technique estimated that the normal mouse spleen con-
tains thirty to 150 'target cells', this number being increased about 100-fold after priming.
Jerne et al. (1963) using the LHG technique arrived at a similar conclusion. On the other
hand, Playfair, Papermaster and Cole (1965) and Kennedy, Till, Siminovitch and McCul-
loch (1966) using the method of haemolytic focus assay estimated that the mouse spleen
contains 1000-5000 cells sensitive to the antigens of sheep RBC. With a different tech-
nique based on radiation sensitivity of antibody producing cells, Kennedy, Till, Simino-
vitch and McCulloch (1965) arrived at the conclusion that a mouse spleen should contain
at least 1000 antigen sensitive cells. Our data are in agreement with these findings.
The experimental data presented here are compatible with the following cytodynamic

model: starting from a constant level of 'target cells' (about 4000) each type of immune
response is governed by only two kinetic constants: (1) The doubling time of the antibody

G. Biozzi et al.
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forming cells during the exponential rise. (2) The number ofdoubling periods encompassed
in the exponential rise. A considerable mass of experimental findings indicates that cellular
multiplication is a dominant phenomenon of the immune response. The results of Figs.
1-5 show a rapid increase in the total number of spleen cells after antigen stimulation.
This phenomenon is probably due to cell multiplication. The number of RFC represents
only about 3 per cent of the overall increase in the total number of spleen cells for each
type of response studied. Therefore the process of cellular multiplication is not restricted
to the group of cells actually producing antibody. A similar result has been reported by
Wortis et al. (1966).
The importance of the amount of the antigen on the duration of the cellular immune

response appears clearly from the experiment represented in Fig. 9. A similar effect on
the production of serum antibodies has been observed by Uhr (1964) and by Svehag and
Mandel (1964).
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