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INTRODUCTION AND REVIEW OF LITERATURE

That cells could be stimulated to produce antibody

in tissue culture by direct addition of antigen was first

demonstrated by Carrel and Ingebrigsten in 1912 (8). Many

workers attempted unsuccessfully to stimulate antibody pro—

duction in vitro using other antigens and tissues. Salle

and McOmie (54) have reviewed the early work. Beard and

Rous (4) attempted to stimulate Kupffer cells and clasmato—

cytes (macrophages) obtained from rabbits by incubating the

cells with vaccinia virus. They were unable to detect anti-

body either in tissue culture or in the sera of rabbits into

which the incubated cells had been injected intradermally.

Selmar (S6) tried to stimulate chick-embryo tissue with

Bacillus abortus Bang and reported negative results.

Fastier (20), in an attempt to reproduce in tissue culture

the series of cellular reactions which were thought to lead

to antibody production in vivo, failed to stimulate rat

macrOphages, lymphocytes, bone—marrow, and spleen cells with

suspensions of killed Salmonella paratyphi g. Roberts (50)
 

incubated rabbit macrophages with Salmonella typhi in vitro
 

but he too was unable to detect antibody formation.

A technique was reported by Harris and Harris in

1955 (27) which utilized normal rabbit lymph node and



splenic cells incubated in vitro with Shigella paradysen—

teriae. Following incubation the cells were injected into

normal rabbits that had been irradiated 24 hours earlier.

Agglutinins were detected in the sera of the recipient

rabbits on the 4th day after cell transfer. That a true

antigenic stimulation in vitro of the lymph node cells had

occurred and that the resulting agglutinin production was

not due to active immunization by carry over of bacteria was

demonstrated by Harris and co—workers (29, 31). Instead of

whole bacteria as the antigen these workers incubated lymph

node cells either with normal rabbit serum previously incu-

bated with Shigella or with filtrates of trypsin—treated

suspensions of Shigella. In both cases agglutinins appeared

in the serum of the irradiated recipient rabbits on the 4th

day after cell transfer. Similar results were obtained by

Harris, Harris, and Farber (30) with blood leukocytes and

with peritoneal exudate cells which were obtained 9 days

after intraperitoneal irritation with lanolin plus light

mineral oil. No agglutinins were detected in the recipient

rabbits if the peritoneal cells were obtained 1 or 2 days

after injection or obtained by injection of heavy mineral

oil (30). A comprehensive review of this work has been pre-

pared by Harris and Harris (28).

In 1957 a system of antigen stimulation and antibody

formation in vitro was described by Kingsley, Stevens, and

McKenna (37) and by Stevens and McKenna (62). These workers



were able to induce a primary antibody response to bovine

gamma-globulin in cultures of rabbit spleen cells if the

doner rabbits had received lO‘pgm. of purified endotixin

from Salmonella typhosa 24 hours prior to removal of the

spleen and addition of the antigen. Addition of antigen to

untreated spleen cells did not initiate antibody formation.

The effects of homologous and autologous sera and antigen

concentration were also described (62). Utilizing the same

system, McKenna and Stevens (41) later described work done

with peritoneal exudate cells. Monocytes (the monocytes

were separated from other peritoneal cells by their ability

to attach to glass) which had been removed from peritoneal

exudates of normal rabbits (untreated with endotoxin) 3 days

after the injection of sterile mineral oil and exposed in

vitro to either bovine gamma—globulin or egg albumin pro-

duced antibody for about 2 weeks, as assayed by the hemag-

glutination technique of Boyden as modified by McKenna (37).

Treatment of the cells with endotoxin prior to addition of

antigen made them respond as if they had been removed from

hyperimmune rabbits. However, attention was called to the

fact that the monocytes were induced by sterile mineral oil

which may act differently from endotoxin but produce the

same end result, i.e., ability to be stimulated by antigen

in vitro.

Utilizing another approach to antigenic stimulation

in vitro Michaelides (42) demonstrated a secondary antibody



response of lymph node fragments removed from rabbits immu-

nized with diphtheria toxoid. The tissue was maintained in

vitro and hemagglutinating antibodies were detected on the

9th day in a small percentage of the cultures. Stavitsky

(58, 59) using diphtheria toxoid as antigen and incorporation

of radioactive amino acids for assay of the antibody, ob—

tained similar results with both lymph node fragments and

spleen fragments removed from immunized rabbits. Although

the results obtained by the two workers were inconclusive,

the evidence did suggest that a true secondary response was

elicited in vitro.

The results of Michaelides (42) and Stavitsky (58,

59) opened a new approach for the study of antigenic stimu—

lation and antibody production in vitro. That it was possi-

ble to initiate a secondary response in vitro was confirmed

by Ambrose in 1962 (2) and by Michaelides and Coons in 1963

(43). Using fragment cultures of lymph nodes removed from

immunized rabbits these workers consistently were able to

initiate a secondary response in vitro to both diphtheria

toxoid and bovine serum albumin. Antibody against diphtheria

toxoid was synthesized for 4 days while synthesis of anti-

body against bovine serum albumin continued for 8 days. Ex-

periments concerned with the conditions under which secondary

antibody response could be obtained in tissue culture, the

histological appearance of the tissue fragments, and minimal

dosage of antigen required to obtain a detectable response



were then described by O'Brien, Michaelides, and Coons (47).

The effect of 5-bromodeoxyuridine was described by O'Brien

and Coons (46). The results indicated that the response was

dependent upon cell multiplication during the culture period.

Ambrose and Coons (3) described the inhibitory effect of

chloramphenicol on the synthesis of antibody in vitro. Their

results indicated that chloroamphenicol inhibited some early

phase of the response, possibly the messenger RNA of the

stimulated cells.

Fishman (21, 22) reported another technique for pri—

mary antigenic stimulation in vitro. By incubating T2

bacteriophage or hemocyanin with rat macrophages and adding

the cell—free filtrate derived from these macrophages to

cultures of normal rat lymph node cells, specific antibody

synthesis occurred. The active material in the cell-free

filtrate was found to be RNase sensitive. It was essential

that the antigen be incubated with the macrophages before ad-

dition to the lymph node cells for, as reported by Stevens

and McKenna (62), direct addition of the antigen to the

tissue culture failed to induce antibody formation. To

further investigate the active material derived from the

macrophages incubated with antigen, Fishman and Adler (23)

used diffusion chambers charged either with the cell—free

filtrate or with normal lymph node cells previously incu-

bated with the macrophage material. The chambers were im—

planted in the peritoneal cavities of both irradiated and



non-irradiated normal rats. Irradiated animals showed anti—

body formation if the chambers contained lymph node cells

treated with RNA from macrophages incubated with T2 phage.

If the chambers contained only the macrophage RNA, no anti—

body could be detected in these irradiated animals. In the

non-irradiated rats, chambers containing only RNA initiated

antibody production. Antibody was not formed by these

animals if the macrophage material was treated with RNase.

Friedman, Stavitsky, and Solomon (25) repeated the work of

Fishman (21, 22) and confirmed and extended his results.

They found by means of complement fixation studies that T2

head, tail, and internal protein antigens were associated

with the RNA extracted from the macrophages previously incu—

bated with the T2 phage. The importance of these contami-

nating antigens for antigenic stimulation of the nonimmune

cells was discussed.

In studies paralleling those of Fishman (21, 22),

Cohen and Parks (10) described the appearance of cells pro—

ducing specific hemolysins in suspensions of nonimmune

spleen cells after incubation with RNA extracted from the

splenic cells of mice previously immunized with sheep

erythrocytes. The number of hemolysin—producing cells was

determined by the Jerne plaque technique (33, 34). Extending

this work, Cohen, Newcomb, and Crosby (9) described experi-

ments which indicated that the conversion of the nonimmune

spleen cells to antibody—forming cells by RNA was partially



strain specific. Sucrose gradient centrifugation showed

most of the active material to be in the 8 to 12S fraction

of the total cellular RNA. Similar results were obtained by

Friedman (24) who utilized the same assay system although

the stimulation reported was considerably higher than that

reported by Cohen and Parks (10).

Recently, reports have appeared in the literature de—

scribing "true" primary antigenic stimulation in vitro. In

work paralleling that of Kingsley, Stevens, and McKenna (37),

Stevens and McKenna (62), and McKenna and Stevens (41),

Globerson and Auerbach (26) have demonstrated primary immune

reactions, initiated and maintained in vitro, of spleen ex—

plants from mice pretreated with either phytohemagglutinin

or adjuvant. Following the addition of sheep erythrocytes

to the explant cultures, specific hemolysins and agglutinins

could be detected. The phytohemagglutinin and adjuvant did

not appear to be involved in the immune response itself but

served only to promote proliferation of the cultured lymphoid

cells. Tao and Uhr (66) found that lymph node fragments re-

moved from normal rabbits could be induced to synthesize

both 198 and 78 specific antibody to the bacteriophage ¢X174.

The difference between the primary and secondary responses

to the phage induced in vitro were shown to be very similar

to those observed in vivo. Saunders and King (55) demon—

strated a primary immune response using paired explant



cultures of spleen and thymus removed from l-week-old mice.

Addition of coliphage R17 to the culture resulted in pro—

duction of specific neutralizing antibodies. Addition of

the antigen to separate spleen and thymus cultures did not

result in antibody production. The most significant finding

in these reports is the absence of the requirement for pre—

treatment of either antigen or tissue before primary anti-

genic stimulation in vitro.

As indicated above, several workers found that

direct addition of antigen to fragments of lymphoid tissue

from immunized animals could initiate the synthesis of spe—

cific antibody. With organized tissue only the product of

antigenic stimulation, antibody, can be studied. Richardson

and Dutton (49) have found that suspensions of spleen cells

from rabbits immunized with sheep erythrocytes could be

stimulated to produce high numbers of antibody-synthesizing

cells in vitro. The use of suspended cells and the Jerne

plaque technique for the detection of single antibody-

producing cells permitted preliminary quantitation of cellu-

lar response to antigen in vitro.

The Jerne plaque technique has provided a relatively

simple, quantitative method by which individual antibody-

producing cells can be identified in large cell populations.

Since the technique was introduced, many workers have utilized

it to study cellular response to antigen.



Study of antigenic stimulation and antibody for—

mation in vitro has provided valuable information concerning

the relationships of the two phenomena. However, little is

known about the cellular events that intervene. Studies on

cytodifferentiation indicate that two distinct types of

cells respond to antigen. The first type, which arises

during early development, has been called a "pluripotential

cell," i.e., it is uncommitted as to its pathway of differ-

entiation or antigen to which it will respond. The second

type of cell arises as a result of previous antigenic stimu-

lation. It appears to be restricted in response to antigen

and differentiation pathway. Although the cellular transfor—

mations that follow antigenic stimulation and the cell(s)

that synthesize antibody have been reasonably well es—

tablished, the identity of the precursor cell(s), i.e.,

those cells which receive the initial stimulation, still re-

mains unresolved.

The cellular events that occur during transformation

and which lead ultimately to antibody production and release

are still obscure. A marked increase in the number of

mitoses in the spleen and lymph nodes following the injection

of antigen have been demonstrated by Wissler et a1. (71).

The size of these organs may double within a few days. The

importance of cell replication to antibody production is al-

so indicated by the suppressive effects of x—radiation and

DNA inhibitors. Capalbo et al. (7) have studied the mitotic
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rates of cells after antigen stimulation. Using tritiated

thymidine as a tracer, their results showed that antigeni-

cally stimulated cells undergoing a secondary response had a

generation time of 10 to 12 hours Whereas non—stimulated

cells divide every 24 hours. The generation time of second-

arily stimulated cells has more recently been shown to be be-

tween 7 and 9 hours (1).

Using a unique experimental system of single-cell

antibody assay combined with autoradiography, NOssal and

Makela have proved that antibody—forming cells undergo rapid

multiplication (39, 45). Rats which had received one anti—

genic stimulus but were not at the time synthesizing signifi—

cant amounts of antibody were given a single brief pulse of

3H—thymidine. This was rapidly incorporated into the

nucleus of any cell synthesizing DNA at the time of the

pulse. By autoradiography of cell smears from the popliteal

lymph node, information on the type of proliferation of the

originally labeled cells in the resting node was obtained.

A second antigen injection after the isotope pulse then al-

lowed the resultant change in the proliferative pattern of

the originally labeled cells to be measured. The results

can be summarized as follows: (1) Nearly all plasma cells

formed during the secondary response were labeled indicating

they were the result of recent mitotic divisions of the cells

labeled before the secondary antigenic stimulation. (2) The

greatly increased number of labeled cells indicated that
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rapid cell multiplication had occurred to give rise to such

cells. (3) Fully differentiated antibody-forming plasma

cells do not divide. However, such cells are not old cells.

It was estimated that at the height of the secondary response,

4 to 5 days after the second antigen injection, virtually

all antibody-forming cells are not more than 48 hours old,

i.e., all have undergone four to eight mitoses during the

response. By means of fluorescein—labeled antibody, Leduc

.§E_§l. (38) have followed the cellular changes in the lymph

node of a rabbit after the injection of antigen. They con-

cluded that the only difference between the primary and

secondary antibody response at the cellular level was that

the latter involved a greatly increased number of cells.

It is also known that antigenic stimulation in—

creases the DNA synthesis of immunocompetent cells. Dutton

and co-workers (14, 15, l6, 17) have shown that the addition

of antigen in vitro stimulates both DNA synthesis and cell

division in spleen cell suspensions from rabbits immunized

months earlier. The response is antigen specific and de-

pendent on antigen concentration. It can be transfered to

normal recipient cells by "primed" cells which have been

briefly mixed with antigen. The relationship between anti-

gen and increased DNA synthesis remains to be elucidated.

The advent of the Jerne plaque technique for de-

tection of antibody—producing cells has provided the first
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means for quantitating cellular response itself. Many

workers have used the Jerne method to study cellular re—

sponse to antigen in vivo and, to a limited extent, in vitro.

It may prove possible to quantitate antigenic stimulation of

immunocompetent cells in vitro. In a preliminary study

Richardson (48) has shown that spleen cell suspensions from

immunized rabbits can be used to study factors that affect

the secondary response. Optimum conditions are yet to be

achieved.' This study was undertaken to examine the effect

of various experimental conditions on antigenic stimulation

of the secondary response in vitro.



MATERIALS AND METHODS

Antigen. Sheep red blood cells (obtained from the

Michigan Department of Health, Lansing, Michigan) were used

as the antigen. Fresh cells were obtained each week. Be—

fore each use the cells were washed three times in 0.85%

sterile saline. All dilutions of the packed cells were pre-

pared in 0.85% sterile saline.

Animals and immunization procedure. Young white

rabbits, weighing approximately 2 kgs. each, were given a

single intravenous injection of 6 x 108 sheep red blood

cells. One week later and for three successive weeks there-

after the animals received four intravenous injections

weekly of 6 x 108 sheep red blood cells. Approximately 12

days after the final injection, blood was collected and the

hemolysin titer of the serum determined for each rabbit.

Culture medium. A modified Eagle medium (hereafter

referred to as Eagle medium) was used for culturing all

tissue. The medium consisted of Eagle's basal salts (18)

with the addition of Eagle MEM amino acids (19), Eagle MEM

vitamins (19), glucose, and streptomycin (5 pg per ml). The

amino acids and vitamins were purchased from Microbiological

13
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Associates Inc., Bethesda, Maryland. Fresh normal rabbit

serum was added to make a final concentration of 15%. Gluta-

mine was not included in the culture medium. The same

medium, without the 15% rabbit serum, was used for the

preparation of Eagle agar (described below). For the agar

distilled water was used in place of the rabbit serum.

Glutamine. Glutamine (Nutritional Biochemicals
 

Corp., Cleveland, Ohio) was not used as a regular con—

stituent of the Eagle medium but was added to various sets

of tubes to determine its effect on the secondary stimu-

lation in vitro. The glutamine was prepared in distilled

water at 50X concentration and stored at -10 C until used.

Concentrations varying from 0.4 mmole glutamine per 107

spleen cells to 4.0 mmole glutamine per 107 spleen cells

were used.

Nonessential amino acids. Nonessential amino acids
 

(l9), purchased from Microbiological Associates Inc.,

Bethesda, Maryland, were added to various sets of culture

tubes to determine their effect on the stimulation in vitro.

The amino acids were stored at 4 C until used. A concen-

tration of 0.1 mmole amino acids per 107 spleen cells was

used.

Sodium pyruvate. Sodium pyruvate (l9), purchased

from Microbiological Associates Inc., Bethesda, Maryland,
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was added to various sets of culture tubes to determine its

effect on the stimulation in vitro. The pyruvate was stored

at 4 C until used. A concentration of 1.0 mmole pyruvate

per 107 spleen cells was used.

Collection and preparation 9f tissue. Following
 

immunization, at least 6 months was allowed to pass before

the rabbits were used. Individual rabbits were then sacri-

ficed by exsanguination and the spleen removed aseptically.

The tissue culture was prepared immediately, essentially by

the method described by Vaughan_et_gl. (70). The spleen was

minced with scissors and forced with a plunger from a 10 cc.

syringe through a stainless steel plasma sieve. Small

amounts (5 to 10 ml) of phosphate buffered saline, pH 7.2 to

7.4 (PBS) containing 1% normal rabbit serum were added to

the tissue during the sieving process until the cell sus—

pension totaled 30 to 35 ml. The cell suspension was de—

canted into a 25 x 150 mm screw cap tube and centrifuged at

600 rpm for 10 minutes in a Servall Angle Centrifuge, Model

NSE. The supernatant was discarded and the washing procedure

repeated two times. Following the final wash the cell

pellet was resuspended in a small volume of Eagle medium con-

taining 15% fresh normal rabbit serum and filtered through

nylon gauze. (The fresh rabbit serum was collected from fe—

male Dutch Belted rabbits the day before the tissue was pre-

pared.) Filtration of the cell suspension helped remove
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cell clumps, connective tissue, and fibrous material that

sometimes formed during the preparation. After filtration a

1:10 dilution of the cell suspension was prepared in 0.1%

crystal violet in 0.1 M citric acid and all nucleated cells

counted on a hemocytometer. The remainder of the cell

suspension was placed in a milk dilution bottle and gassed

with 5% CO in 95% 02. Additional medium was then added to

2

the cell suspension to give a final cell count of 2.4 to

2.8 x 107 spleen cells per milliliter of medium.

Secondary antigenic stimulation. For secondary anti-

genic stimulation in vitro 0.01 ml of appropriately diluted

sheep red blood cells was added per 107 spleen cells.

2 6
Concentrations ranging from 2.5 x 10 to 8 x 10 red blood

cells per 107 spleen cells were used at various times.

Cell culture. Aliquots of 0.5 ml and 1.0 ml of the
 

spleen cell suspension were cultured in individual 16 x 125

mm screw cap culture tubes. Each tube was gassed, using a

plugged pipette, with 5% CO2 in 95% O2 and sealed. The

tubes were incubated at 37C in an upright position. Two

days after the cell culture was prepared an additional 0.5

ml of freshly prepared Eagle medium was added to each tube

initially seeded with 0.5 ml of the spleen cell suspension.

For tubes which contained 1.0 ml of the suspension, approxi-

mately 0.8 ml of the old medium was carefully aspirated off

and replaced with fresh medium. The fresh medium was added
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to the tubes carefully so the cell pellet was not disrupted.

The tubes were again gassed, sealed, and replaced at 37C

for the remainder of the culture period. When the effects

of different atmospheres on the cultured cells were compared,

duplicate sets of the culture tubes were gassed with 5% CO2

in 95% air as described.

Assay for antibody—producing cells. The Jerne

plaque technique (33, 34), slightly modified, was used to

determine the number of antibody-producing cells. Plastic,

grided petri dishes, 100 x 15 mm, (Falcon, No. 3030) were

used for plating the spleen cells. Each plate contained a

bottom layer of 19 ml of 1.4% Difco agar in Eagle medium.

Fresh plates were prepared before each experiment. After

pouring, the plates were incubated with their covers off for

2 hours at 37 C to remove excess water. The plates were

stored inverted at 4 C until used. About 12 hours before

use, the required number of plates was wrapped in aluminum

foil, kept inverted, and placed at room temperature. It was

necessary to wrap the plates so they could come to room

temperature slowly, thus eliminating bubbles which form in

the agar.

The overlay agar consisted of 0.7% Difco agar in

Eagle medium. The agar was prepared in 16 x 125 mm screw

cap tubes at the same time as the plates. Each tube con—

tained 1.0 ml of 1.4% Eagle agar and 1.0 ml of Eagle medium.

The tubes were gassed with 5% CO in 95% 02, sealed, and
2
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stored at 4 C until used. At the time of use the tubes were

placed in a boiling water bath for at least 30 minutes. The

tubes were then transferred to a 46 C water bath. Immediately

before plating, 0.1 ml containing 3 x 108 freshly washed

sheep red blood cells was added to each tube and the contents

mixed well. The spleen cells were then added either di-

rectly or indirectly.

Direct addition was accomplished by gently agitating

the tissue culture tube to disperse the spleen cell pellet.

An aliquot of the suspension was then added to the 0.7% over-

lay agar containing the sheep red blood cells.

Indirect plating of the spleen cells was carried out

by adding 4 ml of sterile saline to the tissue culture tube

and centrifuging the contents for 10 minutes at 1000 rpm in

a Servall Angle Centrifuge, Model NSE. The supernatant was

discarded, the cell pellet resuspended in the remaining

liquid, and the tube placed in the 46 C water bath. Im—

mediately the overlay agar containing the sheep red blood

cells was poured into the tube containing the spleen cells.

Following direct or indirect addition of the spleen

cells, the contents of the tube were mixed well and poured

onto the 19 ml bottom layer of Eagle agar in the petri

dishes. The overlay was quickly spread by rotating the

plate to form a very thin layer in which the spleen cells

and sheep red blood cells were dispersed. The newly poured

agar layer was allowed to solidify for about 5 minutes. The
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plates were then incubated at 37 C for at least 8 hours,

usually overnight, in desiccator jars in an atmosphere of 5%

CO in 95% 02.
2

After incubation, 1.5 m1 of a 1:5 dilution of guinea

pig complement (dried guinea pig complement with 0.1% sodium

azide as preservative, Hyland Laboratories, Los Angeles,

California) was added to each plate and the plates incubated

at 37 C for an additional 30 minutes. The complement was

poured off and the plates stained with freshly prepared 2%

benzidine (10 ml 2% benzidine in glacial acetic acid, 4 ml

10% H202, 86 ml cold distilled water). The plates were

stained for l to 2 minutes, the benzidine poured off, and

the plates flooded with PBS for about 5 minutes. A second

wash of buffer was then added for about 15 minutes. The

plates were inverted and allowed to dry. Staining of the

plates served two purposes. The plaques stood out more dis-

tinctly against the blue background and staining allowed the

plates to be stored at 4 C until counting was completed.

Plaques were counted under 7X to 10X magnification.

Localized hemolysis in agar for hemolysin determi—
 

nation. "Spot lysis" on conventional Jerne agar plates was

used to determine hemolysin titers. Plates and overlay agar

were prepared as previously described except that no spleen

cells were added. Dilutions of serum or cell culture super-

natants were prepared in sterile saline. Quantities of 10’pl

'1
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of each dilution were spotted on the plate, 16 spots per

plate. The plates were incubated for at least 2 hours in

desiccator jars in an atmosphere of 5% CO2 in 95% 02.

Plates were developed by addition of 1.5 ml of 1:5 diluted

guinea pig complement with 30 minutes incubation at 37 C.

The complement was poured off and the plates stained with 2%

benzidine. The plates were graded as to the amount of hemo-

lysis of the sheep red blood cells produced by the diluted

samples. A grading system of 4+ to — was used. A grade of

4+ was given to a spot which showed complete lysis of the

red blood cells. Lesser amounts of lysis were graded 3, 2,

l, and i- A grading of 2+ was used as the endpoint.



RESULTS

Culture conditions affecting the secondary antigenic

stimulation in vitro of spleen cells from immunized rabbits

were studied in this investigation. The objectives were to

determine the effect of: (1) various numbers of sheep red

blood cells (antigen); (2) 5% CO in 95% air; (3) glutamine,
2

nonessential amino acids, and sodium pyruvate added to the

culture medium; and (4) specific anti—sheep erythrocyte

serum added to the cell cultures.

White rabbits were hyperimmunized by a series of

intravenous injections of 6 x 108 sheep red blood cells. At

least 6 months after the last injection, individual rabbits

were sacrificed and the spleen removed. A suspension of the

spleen cells was prepared in Eagle medium at concentrations

ranging from 2.4 x 107 to 2.8 x 107 per milliliter. The

cells were cultured in individual 16 x 125 mm screw cap tubes

7 7
at concentrations ranging from 1.2 x 10 to 1.4 x 10 cells

per tube. Secondary antigenic stimulation in vitro was

initiated by addition of 0.01 ml of diluted sheep red blood

cells per 107 spleen cells. Numbers ranging from 2.5 x 102

6 7
to 2 x 10 red blood cells per 10 spleen cells were used.

The cells were incubated at 37 C for 5 to 7 days in an

21
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atmosphere of 5% CO2 in 95% 02. Fresh Eagle medium was

added to the cell cultures approximately 48 hours after

preparation. Individual cultures were assayed for antibody—

producing cells by the Jerne plaque technique.

Figure 1 illustrates a typical response obtained

with spleen cells from an individual rabbit. No increase in

the number of plaque-forming-cells (PFC) was seen during the

first 2 or 3 days. Between the 4th and 6th day the response

appeared to show an exponential increase to a maximum number

of PFC followed by a rapid decline. An exponential response

is consistent with the idea that cellular replication is

intimately associated with both the primary and secondary

response.

Antibody-forming cells were detected by their ability

to produce plaques when plated in 0.7% Eagle agar containing

3 x 108 sheep red blood cells. Plaques were produced by

diffusion of antibody from the individual spleen cells and

hemolysis of the surrounding sheep red blood cells in the

presence of complement. A typical plate containing the

plaques is shown in Fig. 15. Figure 16 illustrates a single

cell in the center of a plaque. The hemolytic plaques

varied considerably in size, the smallest being less than

0.1 mm in diameter and the largest about 0.6 mm in diameter.

Both large and small plaques were present on the same plate

(Fig. 17). No difference was seen between plaques produced

by cells plated at 0 hour and by cells plated after 90 to
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140 hours of tissue culture. The shape and clarity of the

plaques produced by cells after 90 to 140 hours of culture

was the same as those produced by cells at 0 hour.

It was found during the experiments that pronounced

variations in the number of PFC were sometimes obtained from

replicate spleen cell cultures, Figs. 2 and 3. Each bar

represents the number of PFC obtained from replicate tubes

of spleen cells. The mean for each set of numbers is indi-

cated. The variation in individual cultures is clearly seen.

At least three tubes from each set were sampled when the

cells were plated. Usually the number of PFC obtained from

replicate cultures was very close with an occasional very

high or very low count. The high counts may be due to an

additional mitotic division of the antibody-forming cells in

the particular culture. In:a similar manner, the low counts

may be due to a particular culture replicating at a slower

rate. Since it is reasonably well established that a logar-

ithmic increase in stimulated and antibody-producing cells

occurs prior to and during active antibody synthesis, a geo-

metrical mean of the PFC was used for calculation of the

data.

Effect of antigen concentration on stimulation. The

number of sheep red blood cells added per 107 spleen cells

was found to be of primary importance for obtaining maximum

stimulation. Figure 4 illustrates the results obtained with
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spleen cells from rabbit number 32 using 1.6 x 103 to 106

sheep erythrocytes per 107 spleen cells for stimulation.

3 red blood cells showed maximumCultures receiving 1.6 x 10

plaque formation, 4600 PFC per 107 spleen cells, at 93

hours. The peak was followed by a sharp decline in the

number of PFC. This response was 40 hours earlier than that

of the remaining cell cultures. Spleen cells receiving

6 x 104 sheep red blood cells responded more slowly but at—

tained nearly the same number of PFC. As the number of red

blood cells added was increased the number of PFC decreased.

5 red blood cells producedCell cultures receiving 2.5 x 10

1900 plaques while cultures receiving 106 red blood cells

produced only 130 plaques per 107 spleen cells. Cultures

with no antigen produced a maximum of 40 plaques.

Figure 5 shows the results obtained with spleen

cells from rabbit number 41. Antigen ranging from 2 x 104

to 2 x 106 red blood cells per 107 spleen cells were used to

stimulate the cells. Although the curves differ considerably

from those in Fig. 4, the final results correlate well.

Cell cultures receiving the lowest number of red blood cells

(2 x 104) produced the highest number of PFC. Spleen cells

stimulated with 2 x 105 erythrocytes showed nearly the same

plaque production. Cell cultures receiving 2 x 106 red

blood cells showed a reduced stimulation as was seen in Fig.

4. The number of PFC decreased between 93 and 116 hours in

5
cultures with 2 x 104 and 2 x 10 red blood cells. Usually
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a steady increase was obtained until maximum plaque pro-

duction was achieved, after which the number of PFC

decreased.

The results obtained with cells from rabbit number

42 are shown in Fig. 6. The curves obtained from cell

cultures with 4 x 104 and 4 x 105 red blood cells paralleled

one another very closely throughout the response. Each

showed very nearly the same PFC production at maximum re-

3 red blood cellssponse. Cultures stimulated with 4 x 10

had a lesser response which occurred 20 hours earlier than

that of cell cultures receiving higher numbers of antigen.

The results obtained with spleen cells from rabbit

number 43 are illustrated in Fig. 7. A very low number of

red blood cells, 2.5 x 102 per 107 spleen cells, was used

to stimulate one set of cultures. This resulted in a re-

3 and 105 redduced number of PFC. Cell cultures with 5 x 10

blood cells showed very nearly the same response.

Figure 8 illustrates the results obtained with

spleen cells from rabbit number 45. Cultures stimulated

with 104 red blood cells produced a maximum response of 3000

PFC per 107 spleen cells. Cell cultures stimulated with 103

red blood cells produced a maximum of 1100 plaques. The

curves of these two antigen concentrations parallel one

another throughout the response. Cultures with 105 red

blood cells produced 400 plaques at 118 hours. This
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response was lower and 22 hours earlier than that produced

by spleen cells stimulated with a lower number of red blood

cells.

Figure 9 demonstrates the increase to maximum plaque

production followed by a sharp decrease in PFC obtained with

spleen cells from rabbit number 50. The cell cultures were

stimulated by addition of 2 x 104 to 2 x 106 red blood cells

per 107 spleen cells. Cultures receiving 2 x 104 red blood

cells produced the highest response, 14,000 PFC, while those

receiving 2 x 106 red blood cells showed reduced or in—

hibited plaque production. The maximum plaque production oc-

curred at 118 hours.

Maximum cell stimulation was achieved when the

number of red blood cells added to the cultures was between

103 and 4 x 105 per 107 spleen cells. No one antigen concen-

tration consistently gave maximum stimulation of the spleen

cells.

Addition of more than 106 red blood cells per 107

spleen cells showed inhibition of PFC (Figs. 4, 5, and 9).

This inhibition may be the result of overloading the spleen

cells with antigen. A similar failure to respond occurred

when very low numbers of red blood cells were added to the

cell cultures (Fig. 6). Presumably fewer spleen cells were

stimulated because of the low number of red blood cells

present.
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The maximum number of PFC obtained from 12 rabbits,

~11 of which responded well, varied from 160 to 21,050 (Table

l). .The difference in the response may be due to the

differences in the individual rabbits. The time between

hyperimmunization and sacrifice was considered as having

possible relevance to the stimulation in vitro. No corre-

lation between the two could be found (Table 1). A possible

relationship between the hemolysin present in the serum of

individual rabbits follOwing hyperimmunization and the

amount of stimulation in vitro was also considered (Table

2). Again no correlation was evident.

Maximum plaque production was usually obtained be-

tween 90 and 140 hours. A peak response was never obtained

before 90 hours. Occasionally the maximum response did not

occur until the cells had been cultured 160 hours (Fig. 6).

The low response of the cells to the antigen during the

early phase of the cell culture may be responsible for the

delay in maximum plaque production.

Following the peak, the number of PFC decreased

rapidly as illustrated in Figs. 4 and 9. Presumably this

was due to death or rapid degeneration of the cultured cells.

Therefore, in many instances no cells were plated after the

maximum response was obtained.

Of 12 rabbits sacrificed, one failed to respond or

responded only slightly to antigen after 115 hours of

culture. The results of this rabbit are not shown. At the
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Table 2. Relation of maximum number of plaque forming cells

to hyperimmunization titer of the rabbits.

Rabbit Titer Following Maximum 1aque Production

No. Immunization* per 10? spleen cells

32 2000 6,300

41 4000 1,700

42 4000 4,700

43 2000 2,400

45 2000 2,870

50 2000 14,000

 

*Reciprocal.
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time of sacrifice this rabbit was suffering from a severe

ear infection. This may account for the inability of the

spleen cells to be stimulated. It is conceivable that the

health of the animal was so poor that the spleen cells were

unable to respond.

Detrimental manipulation of the spleen cells during

preparation of the suspension and/or cultural conditions may

account for the inability of the spleen cells to be stimu-

lated. The presence of extraneous material in the cell

cultures may also be related to the stimulation process. On

several occasions there was considerable fibrin formation in

the cell suspension after filtration through the nylon gauze.

The fibrin could be seen in individual culture tubes and in

some, but not all, the response of the cells was low. The

spleen cells may phagocytize the fibrin material making it

difficult or impossible for them to take up the red blood

cell antigen. Alternatively, the fibrin material may not be

taken up by the spleen cells but it may block or inhibit

them from phagocytizing the antigen. Either or both may be

responsible for the inability of some spleen cells to re-

spond to the antigen.

Tissue culture conditions as related to culture

media and glassware may be responsible for poor stimulation

of the spleen cells. If essential reagents and materials

in the culture medium had deteriorated, survival of the

spleen cells would be limited. Clean glassware is essential
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for tissue culture and if the culture tubes were contaminated

with detergent or other materials a poor response could re-

sult. Finally, leakage of the oxygen atmosphere from the

culture tubes was detrimental to the spleen cells on several

occasions.

Effect 9; 95% gig on spleen cell stimulation. An

atmosphere of 5% CO2 in 95% 02 was used throughout this

investigation for culturing the spleen cells. Of the

numerous reports appearing in the literature from workers

studying antigenic stimulation and antibody production in

vitro, there is little consistency with respect to the atmos-

phere used for culturing the various cells. Thus, it seemed

pertinent to this study to determine the effect of 95% air

on the stimulation of the spleen cells. Replicate cell

cultures were prepared using the two atmospheres. Figure

10 shows the results obtained with cells from rabbit number

42 using 4 x 104 sheep red blood cells per 107 spleen cells

for stimulation. The two curves obtained parallel one an—

other very closely throughout the entire response. The

cells incubated in the air atmosphere produced a maximum

plaque number of 7200 per 107 spleen cells whereas those

incubated in oxygen produced a maximum response of 4600

plaques per 107 spleen cells.

Figure 11 shows the results obtained with cells from

rabbit number 43 using 105 sheep red blood cells per 107
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spleen cells. Again the curves paralleled one another but

less closely than for rabbit 42. Spleen cells cultured in

the oxygen atmosphere produced 2300 plaques per 107 spleen

cells and cells cultured in the air atmosphere produced a

maximum of 600 plaques. These results were the opposite of

those obtained from rabbit number 42.

Figure 12 illustrates the results with spleen cells

from rabbit number 45. Two antigen concentrations, 104 and

105 erythrocytes per 107 spleen cells, were used for stimu—

lation. The differences in the response were less defined

than those from the previous two rabbits. Spleen cells

stimulated with 104 sheep red blood cells and cultured in an

oxygen atmosphere produced a higher response (2900 PFC per

107 spleen cells) than did the cells receiving the same

number of red blood cells but cultured in air (1700 PFC per

107 spleen cells). Spleen cell cultures stimulated with 105

red blood cells and incubated in an air atmosphere showed a

higher response than did those cultured in oxygen stimulated

with the same number of red blood cells. The cells cultured

in air produced a maximum of 850 PFC per 107 spleen cells

whereas those cultured in oxygen produced only 370 PFC per

107 spleen cells.

Although no consistent effect of atmosphere on the

number of antibody-producing cells was obtained, differences

were noted in the appearance of plaques produced by the

cells. The spleen cells cultured in 95% oxygen consistently
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produced more distinct hemolytic plaques than cells cultured

in air. This may indicate that the amount of antibody pro-

duced by the stimulated cells is in some way affected by the

atmosphere in which they are cultured.

Effect_g§ additives to the cell culture medium. In
  

1955 Eagle (18) demonstrated that glutamine was an essential

amino acid for the propagation of mammalian cell cultures.

In 1959 (19) he further demonstrated the requirement of

exoqeneous pyruvate and certain "nonessential amino acids”

for growth of particular cells. Table 3 shows the results

obtained with cells from three rabbits after the addition of

glutamine (2 mmole per 107 spleen cells), nonessential amino

acids (0.1 mmole per 107 spleen cells), and sodium pyruvate

(1.0 mmole per 107 spleen cells) to the culture medium. The

media additives were added to the cell cultures at 0 hour.

All cultures showed enhanced PFC production in the presence

of the additives. Spleen cells from rabbit number 32 showed

the greatest increase in plaque production. Cultures stimu—

lated with 2 x 105 red blood cells and containing all three

additives produced nearly 37 times more plaques than did the

cultures containing only antigen. In some instances the high

number of PFC from cell cultures with no antigen and cultures

with only the three additives made the response difficult to

interpret as with cells from rabbit number 33.
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Glutamine was added in various concentrations to

cell cultures to determine its effect on antigenic stimu—

lation in vitro. Table 4 shows the results obtained with

spleen cells from six different rabbits. Cell cultures from

rabbit number 32 with 2 mmole of glutamine and 2 x 105 sheep

red blood cells per 107 spleen cells produced more PFC at

115 hours than did cultures without glutamine. The maximum

response from cell cultures without glutamine occurred at

142 hours and was higher than that from cell cultures with

antigen plus glutamine. A similar response was obtained

with spleen cells from rabbit number 45. In addition, when

glutamine was added 48 hours after the cell culture was pre-

pared only % as many plaques were produced as from cultures

with glutamine at 0 hour. Inhibition of PFC by glutamine

was seen with spleen cell cultures from rabbit number 33.

The time of the maximum response was the same for cultures

with and without glutamine. However, the high number of PFC

in the cultures with no antigen with and without glutamine

makes the significance of these results uncertain.

In contrast to these results, spleen cell cultures

from rabbits number 43 and 47 with antigen plus glutamine

produced more PFC than did cultures without glutamine. Cell

cultures from rabbit number 43 stimulated with 105 red blood

cells and with 2 mmole of glutamine added produced nearly 3

times the number of plaques than did the same cultures with—

out glutamine. Two concentrations of glutamine were used in
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cell cultures from rabbit number 47. Those cultures with

104 red blood cells and 2 m mole of glutamine per 107 spleen

cells produced 3 times as many plaques as did non—glutamine-

containing cultures. Those cultures containing 0.4 mmole of

glutamine produced twice as many plaques.

Somewhat different results were obtained with cell

cultures from rabbit number 46. Cultures stimulated with

104 red blood cells and with 2 mmole of glutamine produced

fewer PFC than did cultures containing no glutamine. When

twice the concentration of glutamine was added, the plaque

production was nearly equal to that of the cell cultures

with only antigen.

The effect of glutamine on the stimulated spleen

cells was inconsistent. Some cell cultures with glutamine

responded early to the antigenic stimulation, but the re-

sponse was well below that of cultures without glutamine.

The presence of glutamine in a few cultures enhanced the pro-

duction of PFC. In these particular cell cultures, the

concentration of glutamine seemed to influence the number of

PFC produced.

Effect of specific antiserum in the culture medium.

Specific antiserum has been shown to inhibit antibody snythe—

sis in vivo when administered before or shortly after anti-

gen injection. To determine its effect on antigenic stimu-

lation in vitro, specific anti—sheep erythrocyte serum with
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a 2+ ”spot lysis" reading at a dilution of 1:2000 was added

in varying concentrations to spleen cell cultures. Figure

13 illustrates the results obtained by adding 0.1 ml of un—

diluted and diluted antiserum to spleen cell cultures from

rabbit number 43. All cultures were stimulated with 105

sheep red blood cells per 107 spleen cells. Specific anti-

serum was added at 0 hour. Bar I shows the plaque formation

of cell cultures which received no antiserum. The maximum

response of these cultures was 2200 PFC per 107 spleen cells.

This response was used as a reference for the antiserum—

treated cultures.

Bar II represents the plaque formation of cultures

with 0.1 m1 of undiluted antiserum. These cultures produced

a maximum of 800 PFC per 107 spleen cells, 1400 fewer than

the untreated cultures.

The response of cell cultures with 0.1 m1 of a 1:10

dilution of antiserum is shown by bar III. .A maximum of

1500 PFC per 107 spleen cells was produced by these cultures.

This response was about twice that of cultures with un-

diluted antiserum.

Plaque formation of cultures with 0.1 m1 of a 1:100

dilution of the antiserum is shown by bar IV. A maximum re—

sponse of 1730 PFC per 107 spleen cells was obtained, slight-

ly lower than the 2200 PFC produced from the untreated

cultures. Bar V illustrates the number of PFC in cultures

with no antigen.
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Figure 14 illustrates the results obtained with

spleen cells from rabbit number 45 using the same antiserum.

The cell cultures were stimulated with 105 red blood cells

per 107 spleen cells. The response of cultures which re-

ceived no antiserum is shown by bar I. A total of 3800 PFC

per 107 spleen cells was produced by these cultures.

Bar II illustrates the response of similar cultures

which received 0.1 ml of undiluted antiserum at 48 hours. A

maximum of 130 PFC per 107 spleen cells was obtained from

these cultures, less than 4% of the response from untreated

cultures.

The response of cultures with 0.2 ml of undiluted

antiserum at 48 hours is represented by bar III. A total of

30 PFC per 107 spleen cells was produced by these cultures.

The response was equal to that of the cell cultures with no

antigen represented by bar IV.

The results obtained with cells from rabbits number

43 and 45 indicated that antigenic stimulation in vitro is

inhibited by specific antiserum. The extent of inhibition

appears to be related to the concentration of antiserum

added to the cell cultures. The results with cells from one

rabbit, number 45, indicate that the inhibition is more pro-

nounced when the antiserum is added after 48 hours of

culture rather than at 0 hour.
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_§pecificity 9; antibody produced in vitro. To de-
 

termine if specific antibody synthesis was occurring in

vitro, the antibody released by the spleen cells was tested

against red blood cells of five species. Cell cultures

which had been maintained for 7 days were centrifuged at

3000 rpm for 30 minutes. The supernatant from replicate

cultures was pooled and stored at —10 C until used. Con—

ventional Jerne agar plates were prepared, each with red

blood cells of a different species incorporated into the

overlay agar. These plates were spotted with 10,b1 of di-

lutions of the cell—free medium. After 2 hours of incu-

bation at 37 C the plates were developed by addition of 1.5

m1 of 1:5 diluted guinea pig complement and 30 minutes of

additional incubation at 37 C. The plates were then stained

with 2% benzidine. The results obtained from five indi-

vidual spleen cell cultures from three separate rabbits are

shown in Table 5. All of the cell cultures tested contained

specific hemolytic antibody for sheep red blood cells. A

weak reaction was obtained from three cell cultures with

chicken red blood cells. The reaction may be due to anti—

genic determinants common to both the sheep and chicken

erythrocytes.
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Figure 15. A plate showing plaques produced by

antibody-forming Spleen cells cul-

tured for 93 hours.
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Figure 16. Individual plaques with an anti-

body-forming Spleen cell in the

center.
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Figure 17. A field demonstrating the various

sizes of plaques produced by anti-

body-forming Spleen cells.



DISCUSSION

The secondary response to antigenic stimulation in

vivo has recently been described by Coons (11) using current

experimental findings to detail his explanation. In general,

after the injection of antigen previously stimulated cells,

"memory cells," respond by undergoing rapid multiplication

and differentiation. After about 48 hours, small amounts of

specific antibody can be detected in the cytoplasm of the

rapidly multiplying cells. During the next 2 to‘3 days the

cells Show an exponential increase in number and serum anti-

body concentration. Maximum antibody production is usually

achieved between the 3rd and 5th day after which there is a

rapid decline.

The response curves found in this study of factors

affecting the secondary response in vitro, with respect to

the appearance of antibody-forming cells, correlate well

with the above description indicating that a true secondary

response, analogous to that seen in vivo, was initiated and

maintained in vitro.

The induction period of the secondary response in

vitro, i.e., the time during which the number of plaque-

forming-cells (PFC) did not exceed that obtained at 0 hour,

60
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was found to be between 70 and 90 hours. This latent period

is in agreement with the results obtained by Nossal and

Makela (45); and Uhr_§t_gl. (69) using in vivo stimulation;

Albright and Makinodan (1) using stimulation in vitro

followed by intravenous injection of the cells into isolo-

gouS, irradiated mice; and by Richardson and Dutton (49)

using the system employed in this study. The latent period

is somewhat longer than that obtained by Hege and Cole (32).

These workers, using the Jerne technique for investigation

of primary and secondary antibody responses of mice to Sheep

erythrocytes, detected Significant numbers of PFC 1 day

following secondary stimulation in vivo. However, the maxi-

mum time between primary immunization and secondary stimu-

lation of the mice was only 9 weeks Whereas at least 6

months elapsed before the rabbits in this investigation were

used. The fact that stimulation was initiated and main—

tained in vitro may have considerable effect on the time re-

quired for the cells to respond. Dutton and Parkhouse (16)

have demonstrated that spleen cell cultures from immunized

rabbits Show a marked reduction in the rate of DNA synthesis

during the first 20 hours of culture. If antigen was added

to the cell cultures at 0 hour, a Similar decline was ob-

served which was followed by a marked rise, apparent by 16

to 24 hours. These workers concluded that the reduction in

DNA synthesis was due to the cells adjusting to the environ-

ment of the culture in vitro. The 70-to-90—hour induction
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period by the spleen cells stimulated in vitro may be due,

in part, to adjustment of the cells to the new conditions.

If 16 to 24 hours are needed for cellular adjustment, only

46 to 76 hours iS actually needed for the production of anti-

body-forming cells. This time would be Slightly less than

is usually required for stimulation in vivo. That immuno-

competent cells could respond to antigenic stimulation in

vitro faster than cells in vivo is conceivable in that the

cells have been removed from their complex environment in

vivo and placed in the presence of an antigen to which they

have been immunized to respond. Albright and Makinodan (1)

found that the length of the induction period was dependent

on the amount of antigen used in vitro. After incubating

spleen cells from immunized mice with antigen in vitro,

these workers injected the mixture into irradiated recipient

mice. With very low numbers of red blood cells they ob-

tained an induction period nearly twice as long as was seen

when higher numbers of red blood cells were used. No such

effect was found in this investigation with cultured spleen

cells. Antigen at very low concentration produced a reduced

number of PFC but the induction period was unchanged. This

difference in time between the two induction periods may be

explained by the fact that following brief incubation of

antigen with spleen cells in vitro, Albright and Makinodan

(l) diluted the antigen-spleen cell combination by injecting

it into the recipient mice. Any unstimulated cells would
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have little chance to come in contact with the antigen again.

Thus, the few cells that were initially stimulated would re-

quire more time to produce a detectable level of antibody.

In the stimulation in vitro studied here, the particulate

red blood cell antigen was added at 0 hour and remained in

contact with the spleen cells for the duration of the culture.

The persistence of antigen may allow more Spleen cells to be-

come stimulated. Therefore, only the maximum number of PFC

might be affected rather than the time required for their

detection.

That the amount of antigen used for stimulation has

a direct effect on the antibody response has been known for

some time and has been investigated by numerous workers (1,

47, 63, 64, 65, 69). O'Brien M. (47) found that the

minimum antigen concentration of bovine serum albumin or

diphtheria toxoid which consistently stimulated a detectable

antibody response from rabbit lymph node fragments was 0.01

lug per milliliter of medium. Uhr ELLE]: (69) found that at

least 6 x 102 bacteriophage §xl74 were necessary to initi—

ate a detectable secondary response in guinea pigs. Uhr also

found that in their particular system, the rate of antibody

formation was independent of antigen over a 104 range.

Taliaferro (65) compared the antigen required for detec—

table primary and secondary responses in rabbits. They

found that 102 sheep erythrocytes stimulated a peak secondary

hemolysin titer of 100 whereas 105 erythrocytes were
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necessary to obtain the same titer in non—immunized animals.

10'6 red blood cells elicitedAntigen concentration of 10

nearly the same titer in both non—immunized and immunized

animals. Albright and Makinodan (1) used antigen concen-

3 to 2 x 108 rat red blood cellstrations ranging from 2 x 10

per 2 x 107 mouse spleen cells. Their results showed that

high antigen concentrations produced a high anamnestic re-

sponse and a Shorter induction period. In addition, they

found that the rate of antibody synthesis was identical over

a 104 range of antigen which is in agreement with Uhr (69).

In this study, the results from stimulating the

spleen cells using a wide range of antigen concentration

varied somewhat. Very low numbers of red blood cells pro-

duced a reduced number of PFC. Albright (1) has suggested

that both the amount of antibody synthesized per cell as

well as the number of cells actively synthesizing antibody

are affected by low antigen doses. That fewer cells are in-

volved in the response has been found in this investigation.

No information regarding the amount of antibody produced by

each cell was obtained as no difference in the size or

clarity of plaques produced by the cells was seen.

Numbers of erythrocytes ranging from 103 to 4 x 105

per 107 Spleen cells gave maximum stimulation in vitro. The

response varied so much from one rabbit to another that no

one optimum antigen concentration was found. On occasion,

Spleen cells stimulated with 103 erythrocytes achieved maximum
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plaque production earlier than cultures with higher numbers

of red blood cells. This response was not regularly seen

and no explanation of its occurrence is known.

When Spleen cell cultures were stimulated with 106

sheep red blood cells the production of antibody—forming

cells was inhibited. Sercarz and Coons (57) obtained inhi-

bition of antibody-producing cells in mice given large doses

of bovine serum albumin. Rather than basing the immunologi-

cal response on the presence of free antibody in the serum,

these workers used the fluorescent technique to detect

antibody—containing cells. Their results indicated that

failure to detect antibody following injection of large

amounts of antigen is due to intracellular inhibition of the

competent cells rather than to neutralization of released

antibody by the excess antigen, i.e., the competent cells

never produce specific antibody. Brooke and Karnovsky (6)

and Sado §E_al. (53) have reached similar conclusions. The

results of this study lend support to these findings in that

the Jerne technique detects specific antibody-producing

cells, not free antibody in the culture medium.

Maximum numbers of PFC were usually obtained on the

4th and 5th day of culture after which their numbers rapidly

declined. These results agree with the recent work of Hege

and Cole (32) and with the earlier work of Nossal and Makela

(39, 45) and Richardson and Dutton (49). The decline in PFC

after peak response may be influenced by exhaustion of the
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culture medium. Extending the culture time of the spleen

cells after peak response was not attempted in the investi-

gation. However, the same abrupt decline in antibody pro—

duction was observed by Taliaferro and Taliaferro (64) using

intact rabbits where essential nutrients are not limited and

by Jerne and Nordin (33, 34) using intact mice. Some in—

vestigators think that the cellular differentiation leading F

to the formation of antibody-producing cells is a "suicidal"

path (40). Makela and Nossal (39) demonstrated that mature

antibody—producing plasma cells did not incorporate 3H— W

thymidine and concluded that these cells were nondividing \

and apparently Short-lived. Thus, the Simple depletion of

essential nutrients from the culture medium may not be the

whole explanation. What may occur is death or degeneration

of the expended cells.

In this study plaques from 0.1 to 0.6 mm in diameter

were formed by cultured antibody—synthesizing cells that ap-

peared several days after antigenic stimulation in vitro.

Antibody-synthesizing cells that have been stimulated in

vivo produce plaques as varied in Size. That this differ—

ence is not due to synthesis of 198 and 75 antibody by the

various cells is suggested by two lines of evidence. First,

the majority of the antibody produced by rabbits to sheep

erthrocytes has been found by most investigators to have a

sedimentation constant of about 19, i.e., 198 antibody (36).
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Second, several investigators (32, 44, 52) have found that

the unmodified Jerne plaque technique detects only cells

synthesizing 19S antibody. Sterzl (61) and Dresser and

Wartis (12) have recently demonstrated that by using spe—

cific antiglobulin serum 78 antibody—producing cells can be

detected by the Jerne technique. Presumably then, the vari-

ation in plaque size is due to the amount of antibody being

synthesized, the rate at which it is released from the cell,

or the degree of diffusion through the agar.

There is little information pertaining to the effect

of oxygen or air on the growth of cells in tissue culture

and even less on the effect they have on antibody production.

WOrk by Trowell (67, 68) suggested that there was no differ-

ence in the efficiency of the two culture atmospheres for

growing cells in vitro. Jones and Bonting (35) found that

respiratory enzymes, glycolysis, and finally growth was in—

hibited when embryonic tissue was grown in oxygen. Similar

results were obtained by Zwartouw and Westwood (72) using

established cell lines. In this investigation, the two

atmospheres had no consistent effect on the number of PFC ob-

tained from the spleen cell cultures. Cells cultured in 95%

oxygen did produce more distinct zones of hemolysis than did

cells cultured in air. This may indicate that oxygen has

some enhancing effect on protein synthesis.

In this study of antigenic stimulation in vitro, a

preliminary investigation of additives to the culture medium
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was carried out. Sodium pyruvate, nonessential amino acids,

and glutamine were used. All spleen cell cultures incubated

in the presence of the three additives produced higher

numbers of antibody-forming cells than did cultures without

the additives. The increased number of antibody-forming

cells from the cultures with the additives can be attributed

to a supplement of the biochemical requirements of the spleen

cells. In one experiment only pyruvate was added to the

culture medium to determine its effect on the numbers of

antibody-synthesizing cells. The number of PFC increased

significantly as compared to the number from cultures with—

out the additive. Eagle has established that cultures of

certain cells require exogenous pyruvate when population

densities are low (19). The increase in PFC with pyruvate

may result from increased metabolic rate and mitotic divi-

Sion of the spleen cells. On the other hand, it is known

that phagocytosis and digestion of antigen by lysosomal en-

zymes are energy-dependent processes. Pyruvate may enhance

antigenic stimulation of the immunocompetent cells rather

than increase mitosis.

To determine what effect a supplement of amino acids

would have on antigenic stimulation, nonessential amino

acids were added to the medium (1) alone, (2) with pyruvate,

and (3) with pyruvate and glutamine. In all experiments an

increased number of PFC was obtained, as compared to PFC in

unsupplemented medium. Although Eagle (19) found only 13
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amino acids essential for the growth of cultured cells, he

noted enhanced growth in some cell cultures when the medium

was supplemented with nonessential amino acids. The increase

in PFC noted in this study might be anticipated in that high

levels of amino acids are required for rapid cell multipli—

cation. Also it is known from studies with radioactive

amino acids that antibody is synthesized de novo from amino

acid pools (60). If amino acid concentration was limiting

in unsupplemented medium, an increased number of PFC would

ensue with the nonessential amino acid supplement.

That glutamine plays a part in the production of

higher numbers of antibody-forming cells might be antici-

pated from its recognized role in metabolism. It serves

cultured cells as a Specific precursor for nucleic acids,

protein, and some nonessential amino acids. That glutamine

increased the production of antibody-forming cells was demon-

strated in this study by the higher number of PFC obtained

from cell cultures with all three additives as compared to

those with only pyruvate and nonessential amino acids. The

increased plaque production was seen in all cell cultures

with the three additives. Such was not the case, however,

when glutamine alone was added to the cell cultures.

With glutamine alone, three effects were obtained;

(1) inhibition, (2) no effect, and (3) enhancement. First,

cell cultures with antigen alone and antigen plus glutamine

produced low numbers of PFC whereas cell cultures with no
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antigen with and without glutamine produced considerably

more PFC. This response was obtained at a time when the cell

cultures were not responding to antigenic stimulation. Al-

though the difficulty was not identified, it was believed to

be due to some foreign substance in the distilled water.

This substance seemed to stimulate the cell cultures non-

specifically to produce antibody. The low number of PFC

from cell cultures with antigen with and without glutamine

may be analOgous to the results obtained from cell cultures

with high numbers of Sheep red blood cells, i.e., an over-

loading of the spleen cells with Specific plus non—specific

stimulus. The cell cultures with no antigen with and with-

out glutamine could therefore produce more PFC because the

Sheep erythrocyte antigen was not present.

In the second type glutamine had no effect on the re-

sponse of the stimulated spleen cells. The maximum number

of antibody—producing cells was nearly the same from stimu—

lated cell cultures with and without glutamine and the re—

sponse occurred at the same time. In addition, low numbers

of PFC were obtained from cell cultures with no antigen with

and without glutamine.

The third effect obtained from the addition of gluta-

mine was a Significant increase in the number of PFC. All

cultures with antigen plus glutamine produced nearly 4 times

as many PFC as did cultures with only antigen. In these
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experiments, glutamine exhibited a true stimulatory effect on

the ability of the cell cultures to produce antibody-forming

cells. An explanation of the difference seen in these

latter two responses is not known.

Various concentrations of glutamine were also used.

Cell cultures with twice as much glutamine produced more PFC

than did replicate cultures with normal glutamine concentra-

tion. Cell cultures with 1/5 the concentration produced

fewer antibody-forming cells. When glutamine was added to

the cell cultures at 48 hours, fewer PFC were produced than

from cultures with glutamine at 0 hour. This may indicate

that the principle effect of glutamine is to increase DNA

synthesis.

The inhibition of antibody-producing cells by Specific

antiserum that was found in this study is in agreement with

the work of Rowley and Fitch (51) and Maller and Wigzell

(44). However, certain differences are apparent. The re—

sults of this investigation Show a marked inhibition by Spe—

cific antiserum of the secondary antibody response in vitro.

The degree of inhibition was directly related to the concen—

tration of antiserum added to the cell cultures and was more

pronounced when the antiserum was added at 48 hours. Rowley

and Fitch (51) were able to suppress the primary antibody

response of rats to Sheep erythrocytes by passive immuni-

zation with specific antiserum but were unable to suppress
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the secondary response by the same treatment. Identical re-

sults were obtained when Spleen cells were removed from

normal and immunized rats, incubated with Specific antiserum,

and transferred to x-irradiated hosts. Following injection

of antigen into these host animals, the normal spleen cells

failed to produce antibody while the Spleen cells removed

from immunized animals produced antibody at detectable

levels. Perhaps their inability to suppress the secondary

response was due to the use of in vivo techniques. AS

mentioned above, the degree of inhibition of the response in

vitro was dependent on the concentration of antiserum added.

The antiserum would be more concentrated in vitro and would

not be subjected to dilution by injection into living

animals. In addition, the fact that a higher degree of inhi-

bition of PFC was obtained when antiserum was added at 48

hours may indicate that the antibody-producing cells are

more susceptible to specific antiserum after they have been

stimulated by antigen. Injection of specific antiserum l or

2 days after secondary stimulation was not reported by

Rowley and Fitch (51). Based on their results these workers

concluded that there are two types of cells involved in the

immune response. "Potential antibody-forming cells” cannot

respond to antigen in the presence of specific antibody

while "antibody-forming cells" from immunized animals can

respond to antigen in the presence of specific antibody. The
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primary response was not studied in this investigation, thus

no such distinction of cells was obtained.

Maller and Wigzell (44), using specific 198 and 75

antibody, confirmed and extended the experiments of Rowley

and Fitch. Utilizing the Jerne technique these workers

found that the inhibiting efficiency of 78 antibody on the

primary response was about 100 to 200 times greater than

that of 198 antibody. The suppression of the number of PFC

was also dependent on the amount of antiserum administered.

This may indicate that the concentration of antibody is a

critical factor.

Brent and Meduwar (5) have suggested that the inhi-

bition of antibody formation by specific antibody occurs di-

rectly at the cellular level ratherthan by combining with

the antigenic determinants. The results obtained from

spleen cell cultures with antiserum added at 48 hours lend

support to this idea because it is assumed that by 48 hours

of culture, antigen has already been taken up by the immuno—

competent cells. The mechanism of this type of antibody

inhibition remains to be elucidated.

The specificity of the antibody synthesized in vitro

was demonstrated by testing it against red blood cells from

5 Species. All of the 7 day culture mediums tested showed

specific lysis of Sheep red blood cells. A weak reaction

was obtained with chicken red blood cells but horse, bovine,

and human red blood cells failed to react. Antigenic



74

determinants common to both the sheep and chicken red blood

cells presumably would account for the reaction.

In conclusion, it has been demonstrated that the

secondary antibody response initiated and maintained in

vitro corresponds in many respects to the secondary antibody

response in vivo. Many questions remain to be answered but

with the use of cultured cells the immunological response

can be studied in detail. AS the technique is refined and

culture conditions improved, a more precise understanding of

antigenic stimulation, antibody production, and factors af-

fecting the two may be gained.



SUMMARY

Experimental conditions affecting secondary anti-

genic stimulation in vitro of spleen cells from immunized

rabbits have been investigated in this study. The Jerne

plaque technique was used for detection of the antibody-

forming spleen cells.

It was found that no increase in the number of

antibody-forming cells occurred during the first 2 or 3 days

of culture. Between the 4th and 6th day the response ap-

peared to Show an exponential increase to a maximum number

of plaque-forming cells followed by a rapid decline. The

maximum response' of spleen cells from 12 rabbits ranged

from 160 to 21,050 plaque-forming cells per 107 spleen cells.

The induction period, time of maximum response, and decline

of plaque-forming cells in vitro found in this study corre—

late well with the secondary antibody response in vivo.

The number of sheep red blood cells (antigen) added

to the spleen cell cultures proved to be of primary im-

portance for obtaining maximum stimulation. Maximum plaque

formation occurred when 103 to 4 x 105 Sheep red blood cells

per 107 spleen cells were added to the cell cultures. Stimu-

lation of the spleen cells with less than 103 red blood

cells resulted in the production of low numbers of

75
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antibody-forming cells. Addition of 106 or more red blood

cells inhibited the production of antibody—forming cells.

No consistent difference in the number of plaque-

forming cells was evident when the cell cultures were incu-

bated in atmospheres of 5% C02 in 95% O2 and 5% C02 in 95%

air. More distinct hemolytic plaques were produced by

antibody-forming cells cultured in 5% C02 in 95% 02.

Spleen cells cultured in the presence of sodium.pyru-

vate, nonessential amino acids, and glutamine consistently

produced a higher number of antibody—forming cells than did

cultures without the three additives. When only pyruvate

was added to the cell cultures, the number of plaqueéforming

cells increased Significantly as compared to the number from

cultures without pyruvate. When nonessential amino acids

were added to the medium with and without pyruvate, a Simi-

lar increase in the number of plaque-forming cells occurred.

With glutamine alone, three effects on the number of plaque-

forming cells were obtained: (1) inhibition, (2) no effect,

and (3) enhancement.

A marked inhibition of the number of antibody—

forming cells was obtained when specific antiserum was added

to the culture medium. The degree of inhibition was direct—

ly related to the concentration of the antiserum added. The

effect was more pronounced when the antiserum was added 48

hours after the culture was prepared.



LITERATURE CITED

Albright, J. F., and T. Makinodan. 1965. Dynamics of

expression of competence of antibody-producing cells.

In ''Molecular and Cellular Basis of Antibody Formation."

(J. Sterzl, ed.) Publishing House of the Czechoslavak

Academy of Science, Prague. (distrib. Academic Press,

New York) pp. 427-446.

Ambrose, C. T. 1962. Antibody production in organ

cultures of lymph node fragments following in vitro

secondary antigenic stimulation. In "Symposium On

Organ Culture.” Nat. Cancer Institute Monograph No.

11. pp. 117-123.

Ambrose, C. T., and A. H° Coons. 1963. Studies on

antibody production. VIII. The inhibitory effect of

chloramphenicol on the synthesis of antibody in tissue

culture. J. Exptl. Med. 111:1075-1088.

Beard, J. W., and P. Rous. 1938. The fate of vaccinia

virus on cultivation in vitro with Kupffer cells. J.

Exptl. Med. “61:833—910.

Brent, L., and P. B. Meduwar. 1961. Quantitative

studies on tissue transplantation immunity. V. The

role of antiserum in enhancement and desensitization.

Proc. Roy. Soc. London, Series B. liéfi392-401.

Brooke, M. S., and M° Karnovsky. 1961. Immunological

paralysis and adaptive immunity. J. Immunol. 81:205-208.

Capalbo, E. E., T. Makinodan, and W. D. Gude. 1962.

Fate of 3H-thymidine-labeled spleen cells in vivo

cultures during secondary antibody response. J.

Immunol. gg;l-7.

Carrel, A., and R. Ingebrigsten. 1912. The production

of antibodies by tissue living outside the organism.

J. Exptl. Med. 15:287-291.

Cohen, E. P. R., W. Newcomb, and L. K. Crosby. 1965.

Conversion of nonimmune spleen cells to antibody forming

cells by RNA: Strain specificity of the response. J.

Immunol. 9§;583-590.

77



10.

ll.

12.

l3.

14.

15.

l6.

17.

18.

19.

20.

21.

78

Cohen, E. P., and J. J. Parks. 1964. Antibody pro—

duction by nonimmune spleen cells incubated with RNA

from immunized mice. Science 144:1012-1013.

Coons, A. H. 1965. The nature of the secondary re-

sponse. In "Molecular and Cellular Basis of Antibody

Formation." (J. Sterzl, ed.) Publishing House of the

Czechoslovak Academy of Science, Prague. (distrib.

Academic Press, New York) pp. 559-565.

Dresser, D. W., and H. H. Wartis. 1965. Use of anti—

globulin serum to detect cells producing antibody with

low hemolytic efficiency. Nature 208:859-861.

Dutton, R. W., A. H. Dutton, and J. H. Vaughan. 1959.

Nucleic acid metabolism and antibody formation. Fed.

Proc. l§;219.

Dutton, R. W., and J. D. Eady. 1964. An in vitro

system for the study of the mechanism of antigenic

stimulation in the secondary response. Immunol. .1:

40-53.

Dutton, R. W., and G. Harris. 1963. Transfer of stimu-

lation of deoxyribonucleic acid synthesis in antigen-

stimulated rabbit spleen cell cultures. Nature 197:608.

Dutton, R. W., and R. M. E. Parkhouse. 1965. Studies

on the mechanism of antigenic stimulation in the second-

ary response. In "Molecular and Cellular Basis of Anti-

body Formation.” (J. Sterzl, ed.) Publishing House of

the Czechoslovak Academy of Science, Prague. (distrib.

Academic Press, New York.) pp. 567-576.

Dutton, R. W., and J. D. Pearce. 1962. Antigen de-

pendent stimulation of synthesis of deoxyribonucleic

acid in spleen cells from immunized rabbits. Nature

194:93-94.

Eagle, H. 1955. Nutrition needs of mammalian cells in

tissue culture. Science 122:501-504.

Eagle, H. 1959. Amino acid metabolism in mammalian

cell cultures. Science 130:432-437.

Fastier, L. B. 1948. An attempt to produce bacterial

agglutinins in vitro. J. Immunol. 69:399—404.

Fishman, M. 1959. Antibody formation in tissue

culture. Nature 183:1200-1201.



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

79

Fishman, M. 1961. Antibody formation in vitro. J.

Exptl. Med. 114:837—856.

Fishman, M., and F. L. Adler. 1963. Antibody for-

mation initiated in vitro. II. Antibody synthesis in

x-irradiated recipients of diffusion chambers contain-

ing nucleic acid derived from macrophage incubated with

antigen. J. Exptl. Med. 111:595-602.

Friedman, H. 1964. Antibody plaque formation by normal

mouse spleen cell cultures exposed in vitro to RNA from

immune mice. Science 146:934—936.

Friedman, H., A. B. Stavitsky, and J. M. Solomon. 1965.

Induction in vitro of antibodies to phage T2 antigens in

RNA extract employed. Science 149:1106-1107.

Globerson, A., and R. Auerbach. 1965. Primary immune

reactions in organ cultures. Science 149:991-993.

Harris, 8., and T. N. Harris. 1955. Studies on the

transfer of lymph node cells. V. Transfer of cells

incubated in vitro with suspensions of Shigella para-

dysenteriae. J. Immunol. 14:318-328.

 

Harris, T. N., and S. Harris. 1956. Studies on the

homotransfer of suspensions of lymph node cells. Ann.

New York Acad. Sc. 64:1040-1052.

Harris, T. N., S. Harris, and M. B. Farber. 1955.

Studies on the transfer of cells incubated in vitro

with Shigella-treated rabbit serum. J. Immunol. 15:

112-122.

Harris, T. N., S. Harris, and M. B. Farber. 1956.

Studies on the transfer of lymph node cells. VIII.

The transfer of cells from blood and peritoneal exu-

dates incubated in vitro with antigenic material de-

rived from Shigella paradysenteriae. J. Exptl. Med.

194:663-673.

 

Harris, 8., T. N. Harris, C. A. Ogburn, and M. Farber.

1956. Studies on the transfer of lymph node cells.

VII. Transfer of cells incubated in vitro with fil—

trates of trypsin—treated suspensions of Shigella para-

dysenteriae. J. Exptl. Med. 194:645—661.
 

Hege, J. S., and L. T. Cole. 1966. Antibody plaque-

forming cells: Kinetics of primary and secondary re-

sponses. J. Immunol. 26:559-569.



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

80

Jerne, N. K., and A. A. Nordin. 1963. Plaque formation

in agar by Single antibody producing cells. Science

140:405.

Jerne, N. K., and A. A. Nordin. 1963. In Proceedings

of a Conference on Cellbound Antibodies of the National

Academy of Sciences, National Research Council. (Wistar

Inst. Press, Philadelphia, Pa.) pp. 109-116.

Jones, M., and S. L. Bonting. 1956. Some relations be-

tween growth and carbohydrate metabolism in tissue

culture. Exptl. Cell. Res. 19:631-639.

Kabat, E. A., and M. W. Mayer. 1964. Experimental

Immunochemistry (2nd ed.) Charles C. Thomas, Spring-

field, Ill.

Kingsley, M., K. M. Stevens, and J. M. McKenna. 1958.

Studies on antibody synthesis initiated in vitro. J.

Exptl. Med. 107:537-559.

Leduc, E. H., H. H. Coons, and J. M. Connolly. 1955.

Studies on antibody production. II. The primary and

secondary responses in the popliteal lymph node of the

rabbits. J. Exptl. Med. 192:61—72.

Makela, O. J., and J. G. V. Nossal. 1962. Autoradio—

graphic studies on the immune response. II. DNA

synthesis amongst single antibody—producing cells. J.

Exptl. Med. 115:231—244.

Makinodan, T., and J. F. Albright. 1962. Cellular

variation during the immune response: One possible

model of cellular differentiation. J. Cell. Comp.

Physiol. 69 (suppl 1) 129-140.

McKenna, J. M., and K. M. Stevens. 1960. Studies on

antibody formation by peritoneal exudate cells in vitro

J. Exptl. Med. 111:573-600.

Michaelides, M. C. 1957. Antibody production in

tissue culture. Fed. Proc. 16:426.

Michaelides, M. C., and A. H. Coons. 1963. Studies on

antibody production. V. The secondary response in

vitro. J. Exptl° Med. 117:1035—1051.

Moller, G., and H. Wigzell. 1965. Antibody synthesis

at the cellular level. Antibody induced suppression of

198 and 75 antibody response. J. Exptl. Med. 121:299—

230.



45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

81

Nossal, G. J. V., and O. J. Makela. 1962. Autoradio-

graphic studies on the immune response. I. The kine—

tics of plasma cell proliferation. J. Exptl. Med. 115:

299—230.

O'Brien, T. F., and A. H. Coons. 1963. Studies on

antibody production. VII. The effect of 5-bromo-

deoxyuridine on the in vitro anamnestic response. J.

Exptl. Med._lll:1063—1074.

O'Brien, T. F., M. C. Michaledies, and A. H. Coons.

1963. Studies On antibody production. VI. The course,

sensitivity, and histology of the secondary response in

vitro. J. Exptl. Med. 111:1053-1062.

Richardson, M. 1965. Antibody synthesizing cells:

Factors affecting the secondary response in vitro. Fed.

Proc._24:253.

Richardson, M., and R. W. Dutton. 1964. Antibody

synthesizing cells: Appearance after secondary antigen

stimulation in vitro. Science 146:655-656.

Roberts, K. B. 1955. The failure of macrophages to

produce antibody. Brit. J. Exptl. Med. 36:199-204.

Rowley, D. A., and F. W. Fitch. 1964. Homeostasis of

antibody formation in the adult rat. J. Exptl. Med.

120:987-1005.

Rowley, D. A., and F. W. Fitch. 1965. The mechanism

of tolerance produced in rats to sheep erythrocytes.

I. Plaque-forming cells and antibody response to

Single and multiple injections of antigen. J. Exptl.

Med..lgl:671-681.

Sado, T, I. Hope, and P. Nettesheim. 1964. Further

cytokinetic studies on antibody response. Fed. Proc.

23:345.

Salle, A. J., and W. A. McOmie. 1937. Immunological

responses of tissue cultivated in vitro. J. Immunol.

32:157-170.

Saunders, G. C., and D. W. King. 1966. Antibody synthe-

Sis initiated in vitro by paired explants of spleen and

thymus. Science 151:1390—1391.

Selmar, E. 1944. On the formation of bacterial anti-

bodies in tissue culture. Acta. path. et. microbiol.

Scand. 21:517-521.



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

82

Sercarz, E. E., and A. H. Coons. 1963. The absence of

antibody producing cells during unresponsiveness to BSA

in the mouse. J. Immunol. 29:478-491.

Stavitsky, A. B. 1959. In ”Mechanisms of Antibody

Formation." (M. Holub and L. Jaroskova, eds.) Publish-

ing House of the Czechoslavak Academy of Science,

Prague. (distrib. Academic Press, New York.) pp. 295-

301.

Stavitsky, A. B. 1960. In "Reticuloendothelial

Structure and Function.” (J. H. Heller, ed.) Ronald

Press Co., New York. pp. 91—112.

Stavitsky, A. B. 1961. In "Advances in Immunology."

(W. H. Taliaferro and J. H. Humphrey, eds.) Academic

Press, New York. pp. 211—261.

Sterzl, J., and I. Riha. 1965. A localized hemolysis

in gel method for detection of cells producing 78 anti—

body. Nature 208:858-859.

Stevens, K. M., and J. M° McKenna. 1957. Antibody pro-

duction in a completely in vitro system. Nature 179:

870—871.

Svehag, S., and B. Mandel. 1964. The formation and

properties of poliovirus—neutralizing antibody. I.

198 and 78 antibody formation: Differences in kinetics

and antigen dose requirement for induction. J. Exptl.

Med. 119:1-19.

Taliaferro, W. H., and L. G. Taliaferro. 1950. The

dynamics of hemolysin formation in intact and Splenecto-

mized rabbits. J. Infect. Diseas. 81:37-62.

Taliaferro, W. H., and L. G. Taliaferro. 1962. Re—

lation of hemolysin response to antigen dosage in

rabbits. Fed. Proc._21:28.

Tao, T., and J. W. Uhr. 1966. Primary type antibody

response in vitro. Science 151:1096-1098.

Trowell, O. A. 1952. The culture of lymph nodes in

vitro. Exptl. Cell. Res._§:79-107.

Trowell, O. A. 1959. The culture of mature organs in

a synthetic medium. Exptl. Cell. Res. 16:118—147.



69.

70.

71.

72.

83

Uhr, J. W., M. S. Finkelstein, and J. B. Baumann. 1962.

Antibody formation. III. The primary and secondary

antibody response to bacteriophage 0 x 174 in guinea

pigs. J. Exptl. Med. 115:655-670.

Vaughan, J. H., A. H. Dutton, R. W. Dutton, M. George,

and R. Marston. 1960. A study of antibody production

in vitro. J. Immunol._§4:258-267.

Wissler, R. W., F. W. Fitch, M. F. Lavia, and C. H.

Gunderson. 1957. The cellular basis for antibody for-

mation. J. Cell. and Comp. Physiol. 59, Supp. 1:265-

301.

Zwartouw, H. T., and J. C. N. Westwood. 1958. Factors

affecting growth and glycolysis in tissue culture.

Brit. J. Exptl. Path. 39:529-539.



 


