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ABSTRACT-

Antigen-binding and cap formation.in the goldfish Carassius auratus

¥ i

have been demonstrated to occur: in a range of temperatures between
o
0" and 37 , using a tritiated flagellar antigen and autoradiograﬁhy

a

At temperatures of 10o or less these~2vent§ﬂtake place‘with higher
L. L.

technique. _ - ‘ R

_kinetic rates in cells from fish acclimated at 4% thhn from fish

by 3
Y acclimated at 22 Fish acclimatéd at 4 can still pﬁ duce\&n immune

: response, meaSured in terms of antibody forming cells (AFC) in the

spleen and antibody titers in the serum.

(4

In the goldfish’ and in the marine toad Bufo marinus the differentiation

of the antigen—binding cells (ABC) of the spleen has been followed by

'velocity sedimentation at unit gravity, which separates cells on the b

' basis of their size. In the spleen of the goldfish the number of ABC

0

seems to diminish one day after immunization, dOubles after 2 days

" .and is reduced again one day later.
. —

In toad spleens the ABC are very ﬁhch reduced 1 and 2 days after sti—

mulation by the antigen, but after 3 days they reappear in numhers ,
Z
that are more than double of those found in normal toads. In both fish

and toads these quantitative variations of ABC are associated with

-~ . . . | -

.changes in cell size.

-~ =

A secondary response has been obtadggd in toads primed with two diffe-

rent doses of polymerized flagellin (POL), this was not- characterized
. though ‘by the formation of Z—ME-resistant antibodies. - | P
~ The injection inxtoads of the high dose of,lOOfpg‘of POL induced a

>

Liv -

-



by

_proiongéd réSPOﬁST which las;éd for more than 34 weeks. Cyclic'péak

.+ titers of antib

ies appeared with a périodicity of 2-3 weeks, which
seemed to be controlled by the rate of catabolization of IgM. In fact
passively.administg¥ed IgM had g half-life of 17 days in toads kepﬁ
L : ' o 7 '
at 22" and 12 days in toads kept at 37 .
Passive IgM antibodies could reduce the late appearence of peak titers
of actively prodﬁcgd antibody, hot the early response. S
A faster,” but not higher, segondafyiresponse was obtained in:toads

.after 3[inject16ns of large doses offgheep erythrocytes, not with

-

’""Eniii&ddses.' . - ‘
'Thegf rst evidence- is reported here of the induction in suspensions

k]

‘of toad spleen cells of a primary immune response in vitro, using ‘

a soluble protein antigen. This'resﬁodse has been studied ih'térms

of AFC and 3H-thymidiné‘uptake,.and:the basic parémgters have been

found for the ufilizatiqn of this system 1n*further investiéations.‘

.
oL _\v‘?\ 1
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CHAPTER I -~ THE HUMORAL IMMUNE RESPONSE IN VERTEBRATES

P

INTRODUCTION

.

The present study-has attempted to analyse some aspects of immuno-regu-

lation in two species of Poikilotherms'which‘appeared particularly

suited for experimental.purposes. The goldfish Carassius auratus is
. -

. B ° . . o
a teleost fish-which is adaptable to temperatures ranging from close

to 0° to about 30°. The‘toad Bufo marinus 1s a terrestrialiamphibian

and =~ is among the first vertebrate species in the phylogenetic order
. to have lymphoid nodules whish resemble the 1ymph nodes of Homeotherms,
‘In thlS chapter the current knowledge of the factors affecting immu—
‘no regulation in Homeotherms will be reviewed, before discussing the

observations made on Poikilotherms by other. investigators which have

‘cosstituted the basis for the present work.

. ' . . . N . . ' . S
N et - . . N
°

N
o

THE HUMORAL IMMUNE RESPONSE IN HOMEOTHERMS

L

The injection o;‘orgfnic substances@ either soluble or in suspension, h

) L.y Lo v : ' ) ‘ :
stimulatés the body to perfbrm reactions the end—prodhct of which are

proteins, known as antibodies (161). These -are secreted into the blood

and can spec1f1cally combine with the inJected materials and neutra-

g

lize them (94). In’ order for an agent to be antigenic, i.e.vto‘be,able

to trigger an immune reaction, it-must be foreign, to thée animal, 1i.e.

r . .. . :
normally nbt present in its body.

The ability.to produce.specific antibodies has been-found, in all clas-

-~ ses of Ve?tebrateiﬁi::jiﬁig;téd; includiné the most prinitive'Cyclo-
stomatée(70):;Zhg studies condncted-on lnvertebrates (25; 36; 38,

BE
. J_I:'

78, 139) have -shown that?these/animals'have mechanisms other than

-
- % -
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- antibody production, such as hagocytosis, for neuffilizing foreign
materials that might enter thei body. Invertebratee seem to lack the
capability to specifically react to an immunogenic stimulus by multi—i

. plication (of the reacting cell(s) j22) | T Ly "Trast, the Vertebrates
have evolutionary acquired adaptive eSPOngAM consfating of lympho—

" cyte proliferation to form clones of cells each'competent For the

",synthesis and release of antibodies com'lementary to an antigen (73).

‘

According to a current model. (40), the immune system may. functionally

be schematized in the following way. The stem cells prodited by, the ‘]”

S

" bone marrow proliferate and can either enter the thymus and become o

“+

thymus-derived (T) antigen-reactive cells, or‘develop into bone mar-

q T

row—derived (B) antibody-forming cell precursors. Both cell types then
enter the humoral system and circulate through spleen and\lymph nodes,
L

where in large part triggering by the antigen occurs. o . \\\\

vUpon interaction between T and B cells, with the possible participa—

) \\;f

oy

'\

‘tion of macrOphages, B—cells differentiate and proliferate into anti-f‘ )

,hpdy—forming cells (AFC)

The series of reactions-by which the imﬁnne system is stimulated,

following the introduction of. an antigen, may be recapitulated in the

_following five .6teps. ..: ' -': o R e \w.f

}1. Recognition of the sntigen and related phenomena at the surface of .

-

.the immunocompetent cells. Splee\\and lymph node lymphocytes from nor—"

mal unstimulated animals can bind antigens to their surface. This has-
\ ,,/

3'been shown by autoradiography techniques, using radio—iodinated (2,

115) or tritiated (44) antigens, and by immuno—cyto-adherence (122

166) In B-cells the antigen—binding reaction is’ mediated by monomeric

B

IgM immunoglobulins (162), present on the surface of the cell membrane."

o . ..H -

e
Fd



At apprOpriate conditions, the receptors may aggregate 'to a polar re‘

glon o;‘the cells thus forming what has .een called a "cap" (44).

2, Cellular‘proliferation. Before the antigenic stimulation takes place,

no specific AFC are detectable in the animal ‘They appear in the peri-

”“pheraltlymphoid org ans 1 -2 days after sthe. injection of the antigen and

increase in number logarithmically for 1-2 weéks, mainly yé a result

of cell division. Cell prOLiferation does not seem to be the only me—

chanism by which AFC are recruited. Kinetié/studies of AFC populations

_have pointed out the discrepancy betweed the generation time of'iympho—A

-cytes -and the~deubling*time—of AFC (23 54 55, 81 125 136) Therefore.

the logarithmic growth of AFC seems to be the result of both proli- hx,

feration and recruitment of cells from AFC précuraors (83)

30 §ynthesis and secretion of humoral products. Antibody syntﬂ'ﬁis is |

' a rapid biochemical process. Studies in vivo and in vitro have shown

_that labelled amino acids are incorporated into anti@ody molecules

within 20 minutes (85) The light and heavy (L and H) peptide chains

composing the immunoglobulin molecules are synthesized on different o
v

' polyribosomes, assembled in the endoplasmic reticulum and secreted by

v}in the serum of an immunized animal is the high&ma&ecular weight

7 R

"';secreting both IgH and IgG of the same specificity (119), as well as “:j“

,cells with surface IgM‘receptors and intracellular IgG (127)

Do

\

R

IgM (193) _After a few days a transition occurs from IgM to IgG (7S) "th=‘

production (120) During this phase it is possible to detect few cells *{g~‘

-

v,;_ -
)

& t Q

-4\ Termination of the immune response. The termination of the normal L ,

fhumoral immune response is mainly due to two factors. the cataboliza—

J L - &

‘tion of the antigen, which causes the removalfof the inducing stimulus’f

_;2, . : Al'_ ) - - : I

s

‘means of the smooth membrane (8) The first class of antibody to appear Coo



i

- - . oL ' u _
.) o ' : ‘ . ‘ L ’ l " “‘“
o : | ‘ - .
’:&'f
(133), and the 1ife~span of the A¥C (150) When the &nt gen is not

1

readily eliminated the production of antibody can. continue for seve- . =

1. . /

ral weeks This has been shown. to accur in responses tQ\pborly cata-

(},4

5bolized antigens such as E toli 1ipopolysaccharide (19), and aggre-

"N

'
¥

>y gated forms of serum protein antigens (133) Such antigens” cause the

o kA o

H cyclic appearance of AFC in the peripheral lymphoid organs.

l

~The four mentioned phases compose the primary response. A subsequent

inJection of the same antigen induces a secondary response wé&ch has
its - . own. characteristics.

5.. The secondary response. It has been known. since antiquity, in rela-

“tion to pandemic diseases,‘that surv1val of the first exposure to

antigenic elements such as smallpox, provides immunity against furthex

I

v

exposure episodes to ‘the same antigen. Modern studies have contributed B

of this’ response are: a short latent period, increased number of AFC

(112) and production of mainly IgG antibody, which has a higher affi—

nity for the antigen than IgM antibody (164)

«;4\1 .

.. . . o [—

OVERALL KINETI’(':S I HOMEOTHERMS

b‘ .MOTH

v

to the characterization of the secondary anamnestic response. Features -

There are several indications that antigen and ahtibody, among other

3

Afactors, QXert a regulatory function on- the humoral immune response. ;A

1. Regulation by antige Accbrding to the Clonal Selection Theory

‘lymphocytes with the potentiai of specific reactivity The number of

‘cells in each clone has been estimated to beq?n the order of one in

nal proliferation and antibody formation in different ways. . . o

e S SR . T Lol S

Py . R

‘of antibody formation (21), }or each antigen there are in the body few -

50 000 lymphocytes present in the body (117) Qhe antigen affects clo—_

B3 B



’

i (550 1). is present to saturate all ‘the’ antigenic sites (47) Passive

Antigens can induce antibody formation when their concentration is

.

R .
fabove a certain threshold and there i1s, within limits, a direct rela-

tionship between increasing doses of anuigen and the resdlting titer

of antibody. Increasing doses of antigen seem to have a double effect

@
they increase the amount of antibody produced and after the primary

v

response, leave in the. body increasing number’s of antigen—sensitive

v

memory cells" (113) Eccessive doses of antigen tend to induce tole—

rance, defined as "specific unresponsiveness" (49)

D

2. Regulation by antibody. It has been known for . over half a century

that excess antibody has a suppressive effect on the immune _response
(148) Modern studies have attempted to verify the basic concepts of

antibody—mediated immunosuppression, according to which antibody is

suppressive either by binging with . the spééific antigen, neutralizing -
Cdts immunogenicity (peripheral block), or by combining with inmxuno- L

cdmpetent cells to form receptor-antigen-antibody complexes which have

been shown to exert tolerance induction (135)

The regulative effect of antibOdy appears to be- dependent mainly on two

factors. its concentration and the immunoglobulin class to which itJ LT :

belongs. The dosage of passively-given antibody effective to supp;ess

(-

active. antibody formation seems to depend on the antigen used In the :

case’ of diphteria toxoid which has 6-8 combining sites for antibody

(126), enough rabbit antibody to neutralize one half of the‘epitopes 2"

o

;]
is sufficient to suppress anti—toxin formation in the guineaxpig (156)

On ‘the other hand in the rabbit the response to Keyholé Limpet Hemo-

cyanin (KLH) is not suppressed unless very large excess of antibody

~

7

antibodies are effective when given at short intervals before or after

P
L S . N

Ce SRR R . . *’;‘;2 ’ ) U ¢ -
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I3

the antigen;_increasing interVals between'passive immunization and in- |,
, o

‘Jection of antigen result in decreasing suppression (157).

Under certain conditions, small. ‘doses, of antibody can have a stimula—
P A s (;.‘ N
tory effect rnther than a 5uppressive one. Tn the rabbit this effect

‘ __seems to be mediated by R complement (157)

A feedback mechanism has been proposed to explain the regulation of
the IgM response by IgG antibody, according to which increasing con-
centrations of circulating 7S antibOdy would switch off the synthesis

N
of 19§ antibody (137). ThlS hypothﬁSis has received: ‘some experimental

: confirmatﬁan (62) but it cannot,xeceive*universal applicatiom: In fact

the cyclie response to -E. coli lipopolysaccharide is characterized‘by

,the synthesis of,IgM antibody only (19). In this latter model 1t has

been %hown’ that feedback inhibition could occur within the same class

1

of antibody, .since passive spec1fic IgM, given: at approprlate times,~

suppressed the appearance of the cyclic peaks of 19S AFC (19)

"‘

Tw0 research groups have cqntrihuted to the understanding of whether

5

e .-

suppresslon by passive antlbody acts at. the peripheral or'at the cen-.

Ty

) tral level ‘of the immune system (99 164) Since it was found that the

4 s

o affinity for the antigen of 19S antibody is lower than thatof IgG (99)

.and the affinity of antibody and receptor sites increases during immu-

nization (164) it follows that the realization of a peripheral or a
central antibody effect depends on the state of the active immunization.
ImmunosuppreSSLOn at the peripheral level by passive antibodies can f
be 1nduced in vivo in the early phase of the response (62) Otherwise

it has been obtained in vitro- using small amounts of antigen which

reacts preferentlally with high affinity antibodies (61) In both cases

the~passive antibodies would compete $uccessfu11y for the antigen with

- " ‘ o - Ce
3— ) ’

N . o R o N % .

2,
P8



the immunocompetent cells, in the first instance because the injected

\a

IgM is more avid for the antigen than the freshly immunized cells,

in the second case because the small amount of antigen would select the

most avid antibodies (112).

In support of the hypothesis of a central effect of passive antibodies, :

it -has been observed that they can auppressﬁthe activation of a small
clone of’AfC-precursors, but are not so effective in suppressing «aithe;
the enpanded clone of AFC or the memory cellsipwhichlreact normallyi K
to antigen—antibody‘complexes (134). This hypothesis‘has been further'

N

investigated by other authors (61) They have demonstrated that, in
the‘presence of antibodies, the_ptoliferation of AFC in culture follows
a slope similar to that of the unsupprpssed cells” indicating that the
suppression occurred at the leVel of the potential AFC ‘thus reducing

. their number without affecting the quality of the antigenic stimulus.
The«other hypothesis for a: central effect of passive antibodies propo—
ses that these specific molecules prevent cellular interactions requi—
red for a normal immune response (135), aslwill be}discussed in the
" next section: ‘ | a o

3 Regulation by cellular interactions In mice the removal of the

thymus‘at birghﬂresults_in reduced antibody formation in the responses '

to sheep erythrocytes (SRC), bovine serum albumen (BSA), influenza .

virus, diphteria toxoid Salmonella 8pp- H antigens, ovalbumen (OA) N

o f.

and T2 coliphage, while the responses to hemocyanin,_Pneumococcus type
’{

; III capsular polysaccharide and other bacterial and viral antigens

remain normal (87 124) The concept that the normal immune response

e

could'be the result of collaboration bgtween cells from different on-~

,,_ .,
Ll

-togenic origin derives from experiments in which the thymus was reimh .

A2
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planted in thymectomized animals, either in direct contact with other

tissues (106), or in Millipore diffusion chambers (124)' The latter

‘

- y
-experiment showed that a soluble factor, was the mediator of the T—cell

help. The direct evidence that both T— and B cells were required for

the response to SRC came from one experiment, in which it was shown

that lethally irradiated mice required the injection of both thymo-

cytes and bone marrow-cells for immpne restoration (27). Further stu—

dies’ utilizing chromosome\markers to identify T- and B—cells revealed

thatthe production of aa%&bodies was the function of B cells and that

T~cells, by reacting specifically with the antigenﬁ facilitated their

triggering (107, 121). g : \

/—~——ﬁccording to the "antigen focusing" theory, thenT-cells which recognise_

o . -

and are triggered by the carrier part of the antigen, present the. hap—
. 42 :

tenic portion to the B—cells (111). This theory does not take into ac-

COUPE;? further aspect_of cellular interaction which concerns the role

of macrophages. It'haslbeen*shown that macrophages'havecmembrane rece-

ptors for the complement and in’ its presence, they can bind heterolo—
gous red cells coated with antlbodies (95) Furthermore, B~ lymphocytes

adhere to macrophages and do so in larger number after being primed

' with an’ antigen (140).

The finding_that T-cells, upon interaction with the antigen,.canvreleaSe

a fpecific, high-molecular—weight factor which, in the presence of ma-

crophages (58),.act1vates B cells (59) has lead to ¢he proposition

- of the "matrix model" for cellular interaction. According to this theory,

'activated T-cells release an "ng" which complexes with the antigen

1
<

and," via the macrophages, triggers AFC-precursors (60).

The recent finding that low concentrationsiof 2—mercapto—ethanol'(Z—ME)

-

y . B . B . p ) -
hl . i .
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can replace in vitro the requisement for macrophagea‘in the response
to SRC (24), casts some doubt on the matrix theory Beaides, other

functions than just passive presentation of the antigen have been c
t !

attributed to macrophages. They include the concentration of the anti-

" gen to immunogenic levels (160), processing of the antigen to imprbve

s

-

' the mobility of the receptors in part depends on the fluidity of the

and prolong “its imunigenicity (159 110), release of RNA associated

with the procesaed antigen (18)

N

-

-

REGULATION AT THE SINGLE-CELL LEVEL

-

, Antigen bound by*immunocompetent B-cells of various’ species has been

shown to cause the redistribution of the receptor sites. This pheno—

menon, called capping, requires active cellular'metabolism, which in

fv

-

mammals is optimal at 37 . Therefore mouse cells fail to cap at low
temperature (44) This observation is consistent with ‘the fluid mosgic,//”

<
model for the structure of cell membranes (147), According to this

phospholipid bilayer which is determined by the content-ratio between
- saturated and unsaturated fatty acids. 4

The significance of antigen binding and receptor redistribution is not

yet clear. Cell: "suicide" experimi:::1(3), in which lymphocytes that . o

s

125,

bind I-labelled POL lost their ity to respond to the antigen

because of radiation damage, sugkést that the antigen-binding cells : ;{*

-H(ABC) include the immunocompetent cells. This hypothesis has been con-

" lation (93) Furthermore, it has been,shown that

firmed using the rosette—formation technique (166), and in experi-

ments involving cell separation techniques,‘ which Ir 1s evi-'

den§ that ABC undergo blastogenesis in vivo after ‘ntigenic stimu— B ST

C purified from

“

i -



“

primed spleen—cell suspensions by means of a. fluorescence—act17‘
~ vated cell sorter, give rise to ag immune response (84)

appears therefore that ABC form a functionally heterologous

-

population of cells, among wﬁich are those committed to produce o .

the humoral response. - _ : s

Ty ’ : v " e ) ’ . i

. PHYLOGENESIS OF THE LYMPHOID SYSTEM :

¥

The evolution of the lymphoid tissues in ?oikilotherms has been summa-.

L . BN

rized Tn Fig. 1 (35) and in Tab.l,ql."

The-eyclostomes‘are the‘mostgprimitive Vertebrates arid can be consi—v

. dereévthe.starting point in the evolntion:df the ivmphoid orgens, beaf‘
’ring:invmind that'stpdies on qhe Protochordates,‘so far neglected;"

_couid bringfnew information; ' e _ ‘; R - \

e
R

Both the‘pacific hagfish Eptatretus stoutii and the atlantic one

Mixina‘glutinosa lack discrete lymphoid'organs.:bdt mononuclear cells

are present in the blood and\in foci along the gut and in ;he prone—

: phros (72) These/feﬁls have been considered equivalent to th smalL

lymphocytes present in Homeotherms (79) The first evidence of a sy-
' stematic organization of Lymphoid tissues has been observed in the '
N '

f§ ‘lampreys Petromyzon marinus and P. fiuvialis (64) Theée animals have .

~ lymphocytegiof different sizes in‘the blood in a discrete prrmitive o

. » < . <
Spleen, in the bone marrow of the protovertebral arch and ln foci

éonsidered as the first phylogenetic evidence of thymic rissne. "ﬁ;

- A further step in evolution has been observed in the primitive Elasmo- R

S

(v

s branchs. The. adult guitarfish Rhinobatus productusnhas a discrete en-

capsulated spleen, which after birthkdifferentiates into whiﬂx'and

/ : : . NP IR ) ) e

/ - - ' . ) ) ' R : . T
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red pulp. In the newborn the thymus is already deve10ped as a discrete

encapsulated organ and lymphoid tissues can also be found in the gut, ..

)

in the gonads and in the renal: parenchyma (72) -\

-

~~In the morelevolved snarks, like th leopard shark Triakis semifasciata

~an‘d the nurse shark ginglimostoma irratum, the thymus is differentia—

ted into cortex and medulla, and !here are epithelial accumulations

!

resembling Hassall's bodies. In these animals the thymus does not seem
to involute with age, as’ it does in the more evolved Vertebrates (72)
In these species plasmablasts and other plasmacytes are . present in the

-

Spleen, especially after antigenic stimulation (56)

'The evolution from the cartilagenous to the bony fish has led to defi-_

nite modifications in the thymus and the spleen, which aequired a

'histological organization ‘comparable with that of Mammals Tn the

» Chondrostean paddlefish Polyodon - spatula the thymus is. organized into»

i

lobes with primitiVe Hassallbs corpuscles. The spleen is well divided_'

\
into white and red pulp,acontaining numerous cells identical to thoseA

’

found in Mammals. Aggregations of lymphocytes can be found in the re-

gion of the ileocaecal valve and in hemopoietic tissues around the .

. £ : .
heart (72) In the highest fish, the Teleosts, lymphocytic foci are -

also found in the pronephros, a characteristic which is. later trans-

'mitted to the Amphibf‘
The passage from the aquatic to the terrestrial environment, requi-

- -

ring among other adaptations the development of long bones ‘for deamr

bulation, brought along a more complete diversification 0 the lymphoid

1



functions as a 1ymph0myeloid organ. The ' bone marrow is already evi- v
dent inethe Urodeles but in the Anurans it is more active and contains.
both 1ymphocytes and plasma cells (37) Lymphoid nodules that can be oy
considered~as primitive lymph nodes have been deseribed in the marine

toad gyfo marinus to occur along the jugular vessels (41 88) They

can also be found in ‘the popliteal spaces after intense antfgenic sti-.

-",(

mulation of the collateral hind foot pad (71) Lymph,glands composed

s

of macrophages and lymphocytes have been observed in the 1arvae of the '

3

P

‘r_’_kgllfrog~Raha catesbiana (33) The reticulo~endothelial system (RES)

- )

- has’ been’ studied with poaitive results in the clawed toad Xenopus v l;
laevis (153). The presence of pharyngeal tonsils in the Anurans is

- controversial but it has been confirmed in two Families of Reptiles,z'

the Crocodiles and the Chelonia. In these two grotips there is also the

\

first evidence of a lymphoid organ in- the cloacal region, which has'l S
been considered homologous to the bursa of Fabricius found in birds ,jg

2, 143) | S,

Ry L 'r\ o

N THE HUMORAL IMMUNE RESPONSE IN POIKILQTHERMS LT T ey

| Investigations on the functional aspects of’ the immune system in Poi—
' kilotherms have been mainly concentrated on the responsiveness to ti— {:” ;393ﬁ;;¥
’Assue andfggluhlg_gntigens and on’ the type of specific immunoglobulins, . }
'Iobtainedlt [ ' | - o o '
From the most recent literature it is.evident that even the most pri-.f
mitive cyclostome, the hagfish is capable of reSponding to the injec—f.
] tion oi antigens with the production and secretion of specific anti—, i
:11 bodies which have the characteristics of immunoglobulins (983 152)..
7;; Therefore the SYnthesis of—L and H POlypeptide—chains, their union—topjj‘

. form specific antigen-binding sites and their polymerization into mo-

G -



 The different phases of the immune reSponse have- Ehen 0nly occasionally

Antirans.

lecules’ containing two or more antigen—binding sites, seem to be cha-.

racteristics present throughout ‘the whole vertebrate phylum.l“ . -

4' o Rk
"

studied in Poikilotherms. T D K

Recognition of the antigen.»Few observations have been gathered on

<

the 1nitial steps of immuno—induction in Poikilotherms mostly in

VIh the rainbow trout Salmo gardneri few rosette—forming cells (RFC)

! b

can be found in the spleen and pronephros before immunization with

_SRC (26) Such RFC have also been observed in the Anurans Alythes ob—

“ stetricans (51) X laevis (89) and B marinus (31). Within this group

¥ -

- X. laevis seems .to have the most primitive antigen-trapping system In

. athese animals injected intraperitoneally (i P. ) or 1ntramuscularly

(i m.) with BSA the antigen persists in the serum for as long as 26 °
weeks, and specific antibodies are not detectable (80) The inJection h
of human gamma globukin”(GG) in complete Freund's adjuvant (CFA) sti

mulates a good response but the antigen is still persisting in the

3

serum after 5 weeks (100) On the other hand by inJectiOns of carbon o
: particles and of human blood a well developed RES has been obServed

"iL-in X. 1aevis.~In ‘the larvae pericardial and per1toneal macrophages are

‘responsable for ciearing i. p.—inJected carbon. In the adult the carbon— .

1ngest1ng macrophages are found also in the pro— and mesonephros. Fo-ﬂf‘}

reign blood particles]are removed by spleen and 11ver cells in both

larvae and adults, and by the kidney in adults (153) In the more evol—,
'i'ved B. marinus,«us1ng colloidal carbon and 12 I—labelled Salmonella

f,flagellar antigen, it has been shown that the localizatlon of foreign

o~
particles occurs mainly in both reticular a”H“Iymphoid cells of the

LA

'

[

16
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b

'jugular bodies, in’ the white pulp of the-spleen and in the kidney (41)

'While in'B. marinus the diatribution of the %ntigen in. the 1ymphoid

o organs is random, in the lymph glands of R catesbiana a pattern remi-

’stimulation (35) : o “q_wi?“:'urlgrixi..,'flf”,, ;;’ﬁ .; ;.

-ddo not eliminate certain antigens; such g8, soluble serum proteins, un-

_niscent of primitive germinal centers has been observed after antigenic R

e

e "_g"

-

In conclusion, antigen recognition4and trapping in the lower Vertebra—~:

tes seem to depent mainly on the«activity of the phagocytic cells, which -

9,

‘less presented with adjuvants. In.the more evolved Anurans the présence

of secondary lymphoid organs such as jugular bodies and lymph glands }* B

[

. improves the éfficiency of reactivity. _' - _- C .*~' .'-; o

L2, Cell proliferation. In lampreys injected i m. with BSA in. CFA there :

. is a marked increase in the number of large mOnonuclear cells in the

fmarrow of the protovertebral arch. That this is due to proliferation

: has been demonstrated by 3H—-Thymidine uptake 11 days after immunization e S

i'lperiphery and the white pulp are’ most affected. This process is accOm—l"

' _panied by the increase in number of pyroninophilic cells (155)

5,;702 of AFC from B. marinus spleen take up 3H--Thymidine, a ﬁinding which

!7
with a significant enlargement of the spleen, in which the areas at g'lie

..Four days after immunization with polymerized flagellin (POL), more than

-(63) X. laevis toads react tq the injection of SRC and to human GG

,ftindicates that the increase in the number of AFC is largely due to cell

‘ 'proliferation (43)

4

' Cell proliferation has also- been demonstrated in vitro. X. Qaevis (163) o

' and B. marinus (69) spleen cells react in mixed lymphocyte cultures MLC)

u;.n“by uptake of 3H—Thymidine with kinetics compatible with those observed

“in mammalian cells _1 ”Z]Q; ' f_".’: ' .__':;_f".-, f{f\~
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: class. In the hagfish the immunoglobulins obtained after immunization

ins (104)

. and 7S antibodies have been shown to belong to the same class (30)

s . ~ - L U . 4 w . .
' . - =" Lo
o

- -

‘3 Secretion of antibodies. Specific immunoglobulins have been)fOund v

(

not only in the serum but also in the mucus of fishes. In the gar. Le -

.sosteus platyrhincus it has been observed that the titer of anti—SRC

. antibodies in the mucus secreted by the skin increases by 3 log2 after ;)/m

Ki
1

immunization, ‘and is sensitive to treatment with 2-ME (17) This is/i///

2t 1

agreement with the general finding that the humdral response of Poiki—

v

lotherms is restricted to the production of immunoglobulins of the IgM

i

with SRC ‘and KLH b%}ong to the IgM aiass and have a sedimentation coef-'

ficient of 23 88 A 7S protein which does nOt contain antibodies but is

. ‘SA‘.

-antigenically similar to IgM was also- found (98) r?

;Lampreys immuniéed with f bacteriophages producé two types of antibodies,~*

both with IgM characteristics, but sedimenting ag 145 and 6 6S prote— fd

' f h : . Iz . . ‘
Even though it has;been shown that the serum of normal sharks contains »”

up to four antigenically different immunoglobulins (68), in the immu- R

nized smooth\dogfish Mustelus canis, tested in the first month after S

the injection of antigen..the antibody activity has been found in. the 1f

- 193 class only (102) In 1ate antisera frém the lemon shafk Negagrion.j

. l

: /brevirostris low—molecular-weight antibodies of about 7S can also be

= e

“found (29) Yet by different parameters, such as. molecular.weighq and

[

."d;electrophoretiq mobility of the H chains, and hexose content, bothi19S.i,

18

ISS and 7§ anti—DNP antibodies have been obtained from the bowfin‘Amia “ ,f;“'

.calva (IS) Rbut not. from,another species of Holosteans, the gar gla—‘

iall these induced high-molecular-weight antibody onl;t1 even after one

. tyrhi ncus, immunized with diphteria toxoid BSA or’ S typhosa H antigen, .



J

'? N\ ’ . : ' ' ) ..""‘ 4

‘ year of immunization (16) Slow sedimenting (78)'antibodies have been )

_-obtained in the goldfish C. auratus repeatedly 1mmuni zed for 3-5 months-

_with bacteriophage ¢X 174 These 7s antibodies, like the 19S ones ob—

LIPS 4

-gvtained in the first- month after immunization, ‘were almost completely

sensitive to 2—ME treatment (158)

p-8

JHigh-molecular—weight antibodies resistaht to 2-ME have'been obtained

in the secondary response of the perch PercaASIuviatilis to human GG.

‘ These antibodies have an S value of 14 5 8ndg according to. their elec—_;i

i

h trophoretic mobility, have been classified as Beta1 globulins (5)

Amphibia may represent the first Class of Vettebrates in which antibodies

"

closely related to- mammalian IgG have appeared‘ R. eatesbiana immunized

0’

with f2 phages synthesizes 195 and 7S antibodies. The latter type has

been considereﬂ”similar ‘to IgG by molecular weight of the H chains, car- ;

Q

bohydrate content, amino acids content and electrophoretic mobility,

however this antibody was still sensitive to 2-ME (103) The same re-.

, sults have been obtained in B. marinus immunized with Tz phages, but f:

not with S tzphosa H antigens which induce the formation of 19S anti- i

A
bodies only (97) The 1ow —moleculardweight and Z—ME-sensitive antibo—

dies found in the apodan:Opthaurus apodus have beén classified as

.o . . AR

Beta1 globulins ¢5).. o e fﬁ vt”4; e -
Lo ‘ N

o Immunoglobulins with complete IgG characteristics have been found in B

'll.'

"'i the more evolved Reptiles. The chelonid Testudo hermanni responds tob

the injection of pig serum with an almost mammalian-type sequence of_'i

antibody production, in which low—molecular—weight and 2—ME—resistant

~'gamma globulin antibodies appear in the late response (Table II) (5)

Sim" // sults have also been obtained in the crocodilian ligator

. mississippiensisj which has been shown to possess two antigeaically

19
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' response in .some Poik:ioiherms, the duration of vh%ﬁh/;an extend for

N 1mmunization w1th human GG (5)

21

“distinct L chains, perhaps comparable to the Kappa and Ldmbda'ehains

of Mammals (138). ‘ R . ' o .

4. Duration of the response. Good immunogens tend_to’ induce a prolonged

P B . - -

<4

.over one year. In the lamprey P, marinus:the response to Brucella abJ 5

~ ortus has been followed for 32 days, when antibodies were 'still present

in éhe serum (64) In Elasmobranchs the response to PR8 virus peaks at -
30 days, but antibodies are still ontectable in the serum'lOO days after

immunization (146). In Holosteans and Teleosts immunized with BSA the

-

primaryrresponse lasts for at least 88 daysv(28), and.titers of,upﬁto

1: 320 000 have been found in the serum of P. fluviatilis 150 days after

- Y

Long term per51stance of antibody formation has also been reported in
Amphiblans and Reptiles. In X. laevis immunized with human GG in. CFA

low - titers of antibody are still present 8 months after immunization

(100) The response to POL in the marine toad B. marinus has been re-

: ported_to_last for at’least 65 days‘(43).In the turtle Testudo hermanni

T

‘the humoral response to pig serum can cornitinue for months *(5).

The7long—term formation of antibody observed‘in most species of Poiki- :

1otherms seems to be due to two reasons: thellong life of the'AFC, which -

. contrasts with the short life of the AFC found in Mammals (150), and'the‘

" persistence of the antigen in the body. In B. marinus‘it has been found +

7
gt

that the logatithmic increase in the number of ‘AFC during the first ten

‘days after immunization'mith POL is mostly due to cell diviéions. Then,

while the taotal number-of AFC. declines slowly, the number of AFC label—

led w1th H—Thymidine diminishes more rapidly, indicating that most. AFC

"have survived from the early;prolrferation “n. The'persistence of the



) which sometimes appearin conflict with each other. -

. -e 3

antigen in. the¢segk' of X. laevis immunized with human GG in CFA has
v\\ o "

been detected 5 wegks after immunization, at a time when the humoral

d

respanse was already in progress (IOO)u It is therefore possible that.

Poikilotherms in regard to some antigens, have a poor catabolic mecha-"'>

nism which cannot readily eliminate the antigenicity of the injected

material, especially above a certain dose—treshold e

5. The secondary response. The first species in the phylogenetic order
in which an anamnestic'response hashbeen.obServed is the lampreyAP.-‘
marinus. In this animal~ nat only second-set - homograft reJection and

delayed allergic responses to tuberculin have been demonstrated but
-

also an accelerated and increased production of specific antibodies

-

after a-booster:injection of B: abortus antigens (64).

In higher species the studies on the presence of immunological memory

and the capacity to- produce a secondary response hawe given results

. T

Ny According to some Authors, ‘the horned shark HeterodOntus francisci

fidisplays immunological memory because it responds with high titqre to

.

w

a second inJection of hemocyanin, 2 phages or killed Brucella cells.
In those experiments no antibodies were detected after the priming in-

.Jection, although the antigens were cleared from the circulation within

-the f1rst two weeks (65). Another group of investigators has. found that

the. lemon shark N brevirostris immunized with multiple injections of

5

PR8 virus. during a period of 4 weeks produces a strong primary response

a4

which peaks at 30 days and then plateaus for about 5 months. A booster
.inJection of the antigen ‘at this timeraises theantibOdY titer to the f
same level as the prlmary peak On.the other hand,'a singﬁe priming

‘injection of concentrated PR8 virus induces a weak primary- response, re-

4

%

<
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’

peaéing the immunization 30 days after the first one, the" titer increases

drammatically, but . reaches the same levels obtained—with multiple pri-
~ming injections (146). : .
7 S
The same kinetics have been observed in fishes, The holostean gar L. .

’platyrhincus~immuniaed with high doses of BSA reacts with a strong pri-

]

mary response which lasts for at least 70 days.‘Apsecond injection given -

at this tifie lowers the existing titer of antibodies (28). The telepst

margate Haemilon album immunized with a moderate dose of BSA responds
~ .

in a primary fashion which can become secondary after a subsequent in—

jection of antigen. On the other hand, when the same priming dose of
‘\ ('
antigen is given in_CFA, the primary response‘is much stronger, and.u

subsequent'injectionsraise the antibody titerby Just one 3ritwo 1o'g4

Similar effects were obtained by giving multiple injections of the. same'

dose of BSA in  the first 20 days of immunization (28):  ~ B N

.

"The amphibian B. marinus does not produce a secondary response when

primed with high doses of Salmonella antigens (41 57) but shows me~

- e

mory against T2 phages (57) In Reptiles the turtle Chrysemis picta

S -

fails to respond in a secondary fashion when the.second injection of KLH' o

_11s given during‘the exponential_phase of the primary‘resp nse (74). In

VcontraSt, the lizard 0. apodus gives secondary and”tertia.A'respon—'.~'~ S

ses to pig serum when the second and third inJections are made du—.;J -

23

‘_ring the declining phase of the preceding response (5) n; o : ivi : ?;1TT:
_These results suggest ‘that strong 1mmunogenic doses can stimulate"fvy;;;;/;”‘ ;i
such a high primary response~that arsecondary»one_cannot'be.uemons;;hf»‘ -

:.tratedfunless'one waits lnng'enoughrfor the?response tohthe first? f:f.;y;;/zi;

. TR 3

immunization to fade out. . _

Another reason for what could appean as a poor secondary response

g ™~ & \‘ R
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is natural immunization In fact At gas been found in the gar L pla— .. L
| tyrhincus that repeated 1njections of diphteria toxoid or BSA can sti— - f/fj_f/;
| mulate a good secondar§%fndptertiary reSponse On the other\hand,/in~ -/;'ﬂ/.
) jections of S thosa ﬁ antipen did not enhance antibody synf/esis,
. the apparent ré‘stnrbeing : : A ‘ontained | ‘//’

specific natural antibodies with titers ranging from 1 16 to 1 512.

Therefore the’ adaptive response observed as a primary one was actually

. -

-

| REGULATORY*‘ FACTORS IN -POIKIL’émERMs |

~

. Eﬁfect of antigen. Besides ‘the effects on the secondary response

mentioned in the preceding section, the type and dose of antigen can

variously influence the~primary response. o “l- { I

In the toad x. laevis the humoral response to cellular antigens sucb
‘.as SRC takes 28 days to reach its peak ‘while the optimal response to. ;;i

human' GG is not obtained before .56 day__(lSS), and BSA seems to be non—

1mmunogenic (8

. Similarly, in the t%?d B. marinus the titer of anti—-'

bodies against S C is optimallafter 7 days (31)//while the response to '

o‘_

‘POL.is best after 2. weeks (43) “In_this species increases in dosage of

P

BSA over tbe optimal immunogenic one result in a decreasi“““fé§§on56“_

until specific unresponsiveness is achieved (105)

2 Effect of temperature. Since the'physiological funetions of Poikilo—'o,M‘

-

therms are more dependent on the envircnmental conditionsathan tﬁPse of

- aN ..
L

Homeotherms, different results could be obtained from the same animal
tested at differenm temperatures. Studies on the~hagfish kept at 15 fai—v:
oY C

~~1ed to. shew-a humoral response to BSA KLH and’ bacterial antigens (64),

—— but a positive response was obtained when the animals were kept at 18 (152);(,
—/'_~ - . P _'__._ . . ‘,""'i' L | | :~\\ __.‘- B
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“The goldfish“g;;gﬁiétggrhas been shown to resist bacterial‘infection"

.22°; ehe peak number of AFC is. reached in 7 days at 37 and in. 14 days

bétte;', at 23° than at lower" temperatures (12) The same animal can

'
Y

reject.scale hoﬂg\\afts—at 10 N but the rate of rejeCtion increases

with the expe%iment:l temperature, up to 32 (77) Eels' injected with

Vibrio-spp form antibodies at 18 but do not so- at 8 (123) Thelre—

sponse to POL in the marine toad B. marinus is faster at 37 than at ;
e o

at'22 but the,two peaks are nog,different On the other hand, the‘~
peak titer of serum antibodies is reached at the same time (14 days),

v

but the,titer obtained at 37° is significantly higher (43) In the same

animaIs it has been found that the number of RFC against horse erythror
cytes is dependent on the Hose of the amtigen, not on the temperature,
within the range of 22 370. By cont&fst the’ synthesis of antibody

is. dependent on’ both the temperature and the dose of antigen (31)

L ;és

N

In the frog R. teﬁporaria the titer of serum antibodies against Pseudo— ;

- P ‘

. ionas fluorescens is higher in animals kept at 20 than in those kept f"

at. 8 . From these and other experiments the author concluded that anti-
. '»' ‘ - .

body secretion is inhibited‘at temperatures below 12° (13)

This is not always true, as shown by the following dat’a.. The sablefish"'

o~

Anaplopoma fimbria, which liVes in the cold waters of the North Pacific, '

can produce specific aggluti ns at- 5-8 (13}) Species of Selmonids
K
*

R

temperatureSu(130) The gar L.,platyrhincus and the bowfin A calVa ;

v ° K
produce antibodies which react best at temperatures around 4 (14

[ il

.5.‘:fl

produce higher titers of isoimmune hemagglutinins at 5—40 than at higher o

T~

Therefore it is evident that this type of studies require a good know~ B

- -

ledge of the animal used, since eurythermic species can - tolerate and

. adapt to a wider range of temperatures than stenothermic ones

'./,.i
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3: Effect of nutrition; Altoughlrit is known that some species do not

[
feed well in captivity, not much attention has been given to this fac-

tor which, at least in one Spec1€35 the marine toad B, marinus, has

been shown to’ affect the physical characteristics of lymphocytes and

cause.. ;a delay in the AFC reSponse to POL (92)

A <

>

SUMMARY OF THE PRESENT woR'K o

f

P01kilotherms and those homeotherms which exhiblt adaptive‘hypothermy-

(hibernation) should be able to react immunologically even[/hen their

body temperature approaches 0 s In order to.survive  their exposure

~

to pathogenic agents. R - SeL

A w1dely discussed Phenomenon observed on the membrape: of' mammalian

lymphocytes is th’dredizégibution.of immunoglobulin receptors by spe-
. “hyy J\:‘\.y”
ceific ligands such as antigens., (ﬁ&) This capplngf§brocess has been

demonstrated to depend on the metabolic activity, which in mammals is
“‘.' - .
0pt1ma1 at 37° ﬁ"' e ‘ oo

\ o

a4
The 6/3ptability of the goldfish to a wide range of temperatures made

-

Tit poss1ble to investlgate the capacity of its lymphocyte@ to. demon-

[

 Strate receptor redistribution and te assess 1ts stateof immunocom—‘

petence at different temperatures. As shown 1n the _next. chapter the

L

capping phenomenqn can be observed on goldfish lymphocytes at diffe—

_ rent temperatures w1th1n a range of 0 —37 . Prior acclimatlzation at-

2

» . FREES=

4° improves the rate of cap formation. Furthermore, fish accllmated

at 4 malntain their capac1ty to prbduce a primafy immune response,‘”

even though at a’ ‘lower- rate than animals acclimated at 22

The study of the early Ehase of 1mmune:rnduction in goldflsh and B
T 8 . . hn_

~3

e

o
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marine toads is reported in chapter 1II. Spleen ABC from fish and

"
.

'toads ‘have been charasterized by velocity sedimentation at. unit gra— .

&

vity, one, 2 and 3 days "after in v:z:ﬂjﬁimulation Two main observati— ‘

ons, have been made, a) the pOpulat f ABC changes in size‘between g

day 0 and 3 of the immune response, b) the total number of ABC/iO

‘ increases in the early phase’_f the immune response. . -

'in vivo in the primary and secondary response of the marine toad immy-

o

Chapter Iv reports the analysts of the kinetics of antibody formation
! J s

'nized with POL or SRC. In these experiments it has been.found that .

small and moderate doses of Pﬁ;?prime the animals, which later respond :

in an anamnestic mode to a second equal dose of antigen. High doses

‘of POL cause a cyclic appearance of peak titers of antibodies, .the

periodicity of wh7Ch\\\\\ ems 0 be regulated by the level of immunoglo— f‘:.

bulins in’ the serum: This 1s- concluded from the rate of catabolization '

- of passively administered ZSI—IgM Both the primary and the secondary

r/.
. ¢

'responses to SRC depend also on the dose of antigen,,larger doses “:u

. which appear in largest number betﬁéen day S and 6 of‘culture and v &Lms

_The results of the present study w1l bezdiscusseduin.chapter‘VI;ﬁ"’

~

being more effective

Chapter V presents the. first evidence of in'vitro immunization of . Am~

.t

phibian single cell suspensions with a’ soluble protein antigen. The

response to different doses of POL has been measured in terms of AFC

_again at day 15. 3H—Thymidine uptake has been found mo peak at day 4

e / . K LA

of the in vitro ; responses S T o f;ﬂui;;

¥

<
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- CHAPTER II - ANTIGEN RECOGNITION, CAPPING AND HUMORAL RESPONSE BY THE

© - GOLDFISH Caraésius auratus ACCLIMATED AT 4 AND- 22
' // -
MATERIALS AND METHODS ‘ o -

TAnimals. Adult goldfish C. auratus 5-6" long were supplied by commer—

clal sources. The fishes- were kept in glass tanks in dechlorinized

" and aerated fresh’ water which was changed _every week They were fed

daily with Goldfish Food (Wardley, Long Island N.Y. ) All fish were
acclimatizeg either at 4° or 22 at a rate of 2 /day Attempts to acce—

lerate the rate of acclimatization resulted in death of the animals.r-f

'vtThey were kept at either temperature for 2 weeks before being used.

- Male CBA/J mice bred at the Ellerslie Animal Earms University of Al-

berta, 60. to 90 days old ‘wére. also used. l.

Cell suspensions. The fishes were killed, by cerebral concussion and the~'

~ -~
spleens were removed aseptically. A single—cell susp&nsion was obtained ;

) by passing the minced organs through amfine—mesh stainless steel sieve. o

' The cells were. suspended in Leibovitz (L-15) medium (GIBCO Oakland

Calif ) and washed once before counting in a hemocytometer. Cell via— '
bility was determined by eosin dye exclusion (75) The average yield
was 65 x 106 viable leukocytes/spleen of fish acclimated at 22 and

35 X 106 viable_leukocytes[%pleen of fish acclimated‘gt 4
N\ 7 \‘*\

‘Mlce were killed by cervical dislpcation and- their spleens'were placed

in phosphate-buffered saline (?BS) (50) containing 5% of fetal calf

- serum (FCS) A single—cell suspension was obtained as for the fish, and

the cell concentration was adfhsted to 50 X 106 viable leukOcytes/ml.

Preparation of the antigen Purified polymerized flagellin (POL) from '

&

S adglaid (strain sw 1338, H antigen fg, 0 antigen 35) was prepared ,

Jemn



according o a’ method described by others (4) Radiolabelled POL (3H—P0L)
.

was prepared by biosynthetical 1ncorporation of tritiated L—Leucine
(6 Ci/m.mol., Schwarz—Mann, Orangeburg, N Y.), following the procedure

devised in our laboratory (44)

' Antigen—binding assay¢ Aliquots of 20 x. 106 viable fish leukocytes in

1.0 ml of L-15 medium were incubated at 0° for 2 hrs with 250 ng of
3H—POL in plastic Falcon tubes. Then different aliquots of cells were ’
further incubated at 0°, 10°, 22° and 37 for 1,2, 3 and 6 hes.
After the last incubation the cells were centrifuged in *he cold at
330 g for 10 min, washed twice in. L—lSdmedium and then spun through
a 25-100% gradient of FCS" in L-15 medium The pellet was resuspended ,
in FCS smeared on gelatin-coated slides and fixed in methanol—acetic :

acid-water (89 1: 10) for 30 min.

Autoradiography.-. The slides were dipped in Kodak NTB—Z photographic

emulsion, dried and exposed for 21—30 days at-4°. Then they were. deve—

\

. loped wdth Kodak D-1la, fixed and stained with’ Gimsa stain.A

s_ ' eukocytes were screened\for\the\pre,___.~—~————

AScreening. At least 5x
labelled cells at each experimental point. Cells which had at
least 10 grains: above background were considered positively labelled. /A |
B Caps were scored when the grains were congregated in a continuous polar

'region of the cell A ) ‘ v
Fluoroscein—labelling of goat—anti{gc\afﬁfgggit GG IgG The conjugation

of goat IgG anti-Fc of rabbit Gd/fgia:RGG—Fc) with fluorescein was done;'~?'

"according to the following procedure (132) Three ml of a 1e mg/ml so-

m._lution of a purified IgG fraction of G—a—RGG-Fc(i) in 0. 9% NaCl contai—i

L4
B

T (i) = kindly provided by Dr C. Shiozawa of our laboratory S




,.‘30 o

w'r‘ "~ - ning 0. 05 M Na—carbonate—bicarbonate buffer (pH 8. 6) were mixéﬂ by hand ; “-;% ;
| with 7. 0 mg of Fluorescein—iso~thiocyanate (FITC) on Celite (IOZ) (Cal— :f'“‘ :
biochem, La Jolla, Calif ). The mixture was then centrifuged at 600 g h
for 3 min, and the Supernatant dialysed twice overnight against 2 1 o
of 0.92 NaCl The efficiency of ‘the’ conjugation was tested by precipi—

‘ tation with RGG

s Assay for cap~formation on mouse cells. The dBEBIE‘laysr_method (31)

-~ ;f ‘was used for this assay. 2 pl of - anti—mouse~IgM RGG (10 mg/ml)(i) ‘were

added to 10 x 106 mouse spleen cells in 0. 2 ml of PBS-IOZ FCS_ and in—:‘
o cubated for 30 min in ice.»After the cells had been washed 3x and. re-v'
suspended in 0 2 ml of PBS 10% FCS 20 pl of FITC-G-a—RGG—fc were added._i‘r.,'“
After incubation for 30~ min at" 0 ; the cells were washed 3x at 4 L
ff‘:'. resuspended in 0.2 ml, of PBS—IOZ FCS - and i:cubated for 30 min at” 0
, ".-.--‘1z°,',_14ﬁ',_'1§9,i,1[8'.,, -20‘.’,. 22°, "25,°,'}2_8°", 30°, 33 and 37°, Finally the
cells were cooled in ice, smeared and examined in a Zeiss microscope ‘:' -
{‘adapted with U V. light. 100 or more fluorescent Cells were screened
-and the percentages of caps calculated For each experimental Point

\

dividual cell suspensions from 3 or more spleens were tested to. cal- ,5i':“

culate the mean percent Of cap formation and the standard deviation at
: each temperature. o \au

Assay for antibody—formingicells. After acclimatization, groups of

\ €

6 fishes were injected 1. p. with 10 pg of POL..Similar groups were keptiv
as unimmunized controls At weekly intervals they were sacrificed the
i’spleenswereremoved and separate cell suspensions for each animal Were
’ prepared as described above. The cells were washed in.L~15 medium and

F e o

‘(1) - kindly provided by Dr. C. Shiozawa of our laboratory . = 1. - i

- DRI o Lo P
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Ji-assayed for the numher of AFC using the adherence colony method (39)s'~

| . Test for humoral antibodies. After sacrifice each fish was bled from ‘

& .
the heart with a pasteur pipette. The blood was collected individually‘,

h}in Beckman microcentrifuge plasflc tubes and incubated at 22 for 30

"fratures equal or closa to those of acclimation the number of ABC was

A“,min and- at 4 for 1 hr. The sera’ were separated by centrifugation, in#-"
‘cubated at 56 for 30 min and tested the same’ day for bacteria-immobi—l ]f

.:_lizing antibodies (7), against S derbz bacteria (strain SW 721 H an— -
'tigen Fg, 0] antigen 1 4 12) which share the H but not the o antigen-,.jn‘”

with S. adelaide strain SW- 1338 from which the immunogen POL was made.~ , R

RESULTS B

fKinetics of antigen-binding cells in goldfish. e cell surface dynamics
;':that promote antigen binding on murine cells coj?;\he demonstrated also
?-on fish 1ymphocytes. The npmber of'ABC in the goldfish spleen varied 'i:;
ibetween 3 and 86/10 white cells, depending on the temperature of ac—p
"}‘climation of the fish and ogigﬁe temperature and duration of incubation
| of the' cells (Table III Fig 2) The extreme vslues/were observed in '_'?;,ﬁ,hig

suspensions incubated at temperatures extreme for this fish At tempe~,”

) ,comparable with: the values obtained with mouse cells at 37 fusing thﬁ j‘-f5f'”5'

o 'same antigen (Table ). At 0 and 10 the number of ABC was higher 3T"" -

ffin the preparations from fish acclimated at 4 ’ but the difference was; G

'l,fnot statistically significant ,At 22 and at 37 the spleen cells fromf{ff"'

i?warm~acc1imated fish contained peak numbers of ABC after 2 and 3 hrs '

'freSpectively, which vere followed by a drop to low numbers.» R

\\~~,.

':_showed evidence of cell damage, in terms of green coloration and tur
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- KINEFICS OF ABC AT DIFFERENT T* . .

‘ om0 L e WARMACCUMATED FISH .
B /‘\ . ~0-COLD ACCLIMATED FISH, ’
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" INCUBATION {hrs) .
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" Kinetics at different temperatures of the antigen-binding cells - -. oo B
(ABC) of warm acclimated figh "(-—,-'o'-;',-)’cpmpared‘with those of = . -, .
..cold acclimated fish (- )% The cells were incubated with 250 S
ng of POL for 2 hrs at 0 and then for 1-6 hrs at the . temperatures -shown. .

N
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TABLE A
. RATE OF ANTIGEN BINDING AND CAP FORMATION IN MOUSE CELLS
ST , By NG DN o .
" ‘Incubation = . + ‘ABC/10 b % Caps = = _
€ T N
o . o . - : ST
0" (1 hr) P ¢ - .,

St . +3°Qomin) 20 s

o T w (lﬂi 24 o 94 . ' » - "“

g " ,_.‘. ;/r, ‘:||4 ) (4 hrs.)v‘ . 22 . E /\/ . | 46
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: dity of the suspensions. The majority of ABC were lymphocytes of i’

v different sizes in the range between 6 and 12 p (Fig 3, 4). Few macro-

; phages were. aleo labelled//~3; they Were excluded from the reported data.
| .

: Antigen—induced capping and grainfeount analxsis. Redistribution of \;\“"'”'

"antigen~receptor complexes and capping were. observed in different per- o
, centages of labelled cells, at ailuthe temperatures and duratiOns of

)

_incubation tested. (Fig 5, 6) Ac 10 and 22 almost all the labelled
cells from cold*acclimated fish c&bped within 1 aﬁa 2. hrs respectively
- _Ar 0 3 to 6 hrs were required foy more than 77% of the labelled cells

"~ .. to cap, while at 37 the percentégQ of'capping,cells oscillated betweeﬁ

57.8% after 1 hr,fzsz after 2 hrg and 60% after 6 hrs.
'f8lz.of.the antigen-binding,cells f?om{warméacclimated'fish‘capped Qitbin
e atz37°, but.required 2 hrs st 6°.‘At 1o°5nd 22° the ABC from-éﬁese :
‘.‘.animals formed less caps, and later than the cells fgpm cold—acclimated
fish ‘The chi-square test has shown that at each temperature -of incu—-';
fbation the capping kinetics of the cells from differently acclimated *

‘fishes .were independent (p lea‘hthan 0. 01)
,/YA correlation was obServed between all the percentages of capping ABC

“»“and the relative numbers of grains(Fig 5) in which cap—formation ap—'

\

"”belled cells (correlation coeffiqient- r = ~ 0 67, significance limits;.

K,

less than 0. 001, confidence limits wore. than 99%) Tﬁ/s correlation B

was observed dn_ cells from both warm and cold—acclimated fishes but,

while the correlation coefficient was very significant in relation to
;the cells from warm—acclimated fiah (r = ~-(Q. 88), it was not so for

‘fiwthQFE from cold*acclimated animalg (¢ = - 0 29) The ABC from the 1at-~

ter ones had on the aVerage a significantly 1ower number of grains than o

~.
- .
Y

i
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Fig. 3

Medium—size fish 1ymphocyte ( 9
Gimsa stain. x-1200.
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Fig 6

Medium fish lympho cyte

(9 P in wdiamel:er) forming a éap‘wi't':h,' .
" E-POL. Gimsa stain. x'2600. v o e
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_observed 3 weeks after immunization, while in fish kept at 4° it ap-

@ et T N .;:.""..1.1."’

Ty . o
.t_', 1
.t

those from warm acclimated fish, (p less than 0. 05)‘ T L !

A

~ —-— \

_By contrast ‘the experiments conducted on mOuse cells have shown that -

’they do not form capk\at tempetatures'be!ow 12° and large percentages

-— “ 0. \,\. . s .

- of capping cells could be seen<only ‘at temperatures above 25 (Fig 7{

l'

“Table V). ' - ; | : | _> L , oo

Fluctuations were observed in the number of ARBRC and in the perﬁ-ntage A

of caps after different periods of incubatiOn from’ which it appears

that, as in mice (ééa*nthé caps we@e shed from fish ABC and newly for-
meg receptors becajéﬁiabe1led with antigen. L ?‘ - e

- Ca

' Effect of acclimation on- immunocompgtence. Both warm and cold—acclimated

°

-rfishes reacted to immunogenic doses of POL with parallel time kinetics_

]

bcurves, while kept -at the respective temperatures of acclimation (Fig. 8,

g

9). In warm—acclima&ed fish the peak npmber of AEC in-the spleen wastd

o
."i“ “

peared one, week later There was no statistically significant diffe—

‘rence in-the numbers of AFC between the two;groups of . fisgfs On the

other hand, the peak titers of serum antibody were observed 3 Weeks o

i after immunization in both groups, Jbut the reSponse at 22 was signi—

-~ . ) N . _l
ficantly higher than at 4% (p 0 5) - 0 B

v E

o .

~ 7 ey A

DISCUSSION . R .‘:.J,'~ I !

Goldfish lymphocytes can’ binéyantigen and form caps within a wide range-'

‘h‘,
of temperatures between 0° and 37 3 This is in contrast:with-the data

Se cells, which have shown that caps

gathered from experiments on

o

could be detected only after incubation at 37 (44) Lo

Y

!b Zerms of different cOmposition

The’ dlfgﬁce :Ln ant " v 'vv"ceprobility at cold temperatures between ,

fish and ﬁouse cells can be exp

oA

L

-
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of the phospholipids in the membrane,,which wOuldvresultfin:different .
iWL fluidity of the cell surface. = . : "-l K ',"‘ R ’;12L{3t
'lIgThe temperature—dependence of cap—formation in mouse cells seems to.
;Hreflect changes in the physical state of the membrane phospholipids,,
swhich have been attributed to phase—transitions from gel (below 12 )
?‘ to liquid crystallin (between 12 and 30° ) to fluid (at 37 ) (90, 114) :

o This observations are in agreement with the fluid mosaic model of the -

-

C cell membrane (147) which is also supported by results obtained in -

'other experiments. S o o

‘ Some mutants of E. coli cannot synthesize unsaturated fatty acids when' ‘
these are supplied in the growth medium, the rate of the Beta—glucoside .
transport system becomes dependent on temperatures that are characte—

ristic of the type ‘of fatty acid supplied (165) This experiment s‘-
w
' gests therefore that ‘the higher the content of unsaturated fatty acids,

"

the h<§her is the fluidity of the membrane The present observations

"4:

‘are furthermore supported by the" finding that the membrane lipids of -

L

',Poikilotherms 1nc1ude more unsaturated fatty acids the lower is the
temperature at which they are grown (66, 151) |
The analysis of _the kinetics shown in Table III and Fig. 5 suggests“ .

-

' vthat in goldfish spleen cells capping is also regulated by the amount

of antigen bound as estimated from the number of grains overlaying

' the 1abelled cells (44)‘ As shown by statistical anaIysis, a strong

"inverse correlation between,peroentages of capping and the relativev_

vnumbers of grains was observed in ABC from warm—acclimated fish. The

-

same correlation was not statistically significant in cells from cold—.

*acclimated fish which as a. whole, appeared to bind le]. antigen than

o .cells from warm—acclimated fish. The most likely explanation for Ehese
. - - _..,,._\.“\_ i .



, differences seems to be that warm acclimated fish which at 22 have
. an almost optimally active metabolic rate (67), syntheaize and exhibit

. more receptor sites. Thia in turn could have a negative effect on cap—

more antigen to be bound and tenda to. inhibit capplng (44) In contrast, :

at 4 the metabolic rate of . this fish is very close to its’ standard

one, and this seems to result in: the formation, by the ABC vof a minimalf'

i number of receptors which can cap more easily after interaction.with

::the antigen.' | - p GA~

. The fact that cold-acclimated fish can respond immunologically to anti-

':genic stimulation at 4° indicates that these Poikilotherms have retai-*

'.‘ined the necessary biological apparatus that may have been lost by the

_Homeotherms in the process of their evolution.

‘45



Do fed one newborn mouse per week.l

;:CHAPTER III - KINETICS OF : ANTIGEN—BINDING CELLS IN TOADS AND. FISH

»

' DURING THE FIRST THREE 'DAYS OF IMMUNIZATION

S

‘ "rmmmrs AND 'm;mon’s‘““

B Animals. For these experiments goldfish C auratus descriEEd in Ghapt.
-_— ‘-—————-::://

I were kept at 22 “before utilization.‘ Wild’marine toads Bufo marinus
V’of both- sexes were obtained from: commercial sources. The toads vere. |
kept at. room temperature in plastic cages with the bottom covered with
| wet . sawdust. No more than 4 toads were kept 1n each ‘cage. vThey were

A

Immunization. -For each experiment S goldfish were. injected i p.,with

10 P8 of POL from S adelaide strain SW1338 r~0ne or more toadsrwereu

i - . Y

immunized i p. with 100 pg aof the same POL.

Preparation of isotonic medium.v Cells can'be separated on the basis of

;their different velocity of sedimentation at unit gravity, which depends'u;i'

- < -

on their size (128) Therefore it is essential that in this procedure

t*the cells maintain their natural volume, without swelling or shrinking, :ﬁigif

as may be caused by hypo— or. hyperosmotic media. Such artifacts were
avoided by adjusting the osmolarity of PhOSphate—Buffered Saline (PBS)
(50) and Fetal Calf Serum (FCS) (GIBCO) to that of fish oY toad sera.-
The osmolarity of these and of PBS and FCS diluted with different con;k
.centrations of distilled water was measured at 22 + 2 with a Hewlett—. |
'Packard model 3OZB vapor pressure osometer._ Beforé'use the‘instrument -
. was left on- for 24 hrs._ NaCl solutions were used as standards for' |
calibrations Triplicate readings of unknown solutions were inter—

spersed with recalibrations against a standard Each result is the™

- mean’ of at least 6 readings. ‘Toad serum had an osmolarity of 210

.o



“m0sn, and accordingly PBS was diluted with 14% of.ﬂ 0; f1ish serum had

~an osmolarity of 240 m0sms and PBS was diluted with 11% of H 0 (Fig. 10).

“”Preparation of cells. The ‘fish were. sacrificed by cerebral concussion, ;lﬂ

‘the toads by pithing. The spleens were removed aseptically, minced with |

- fine scissors and passednthrOugh a stainless'steel sieve into~isotonic

\

PBSA3Z F5§ The suspension were’ ailowed to stand on ice for. 10 min.‘
‘to . let large particles sediment. Then the cells were washed once in

»the same medium .and counted in a hemocytometer. Cell viability was-
—

determined by eosin dye exclusion (75)

Cell separation. Spleen cells ‘were separated by a method based ‘on

v

velocity—sedimentation differences at unit gravity (128) In this

system the ‘cells - settle in a non—linear, shallow, density gradient com~

posed of 5 to 30% FCS in PBS ‘known as: sta—put" (108) The gradient

."was generated by a system of three connected bottles (a b c,) containing

e .the following volume of PBS and percentages of FCS a) 400 m1-3OZ

f
b) 400 ml—lSZ, c) 50 ml—SZ Magnetic stirrers were used .to continuOusly
R

mix the contents of bottles b) and c), and the gradient was removed by :
V,gravity flow- from bottle c) at a rate of 25 ml/hr. Since FCS can
contain agglutinins for fiSh and toad cells it was absorbed 3 x with

centrifuged at 1085 g for 10 min. A total of 107 white and red cells

' per ml were placed‘in the staput, in a volume of\\BS—SZFCS not exceeding

- 45 ml. The glass staput used had ‘a diameter of 16 5 cm. Thevcells were }4

sedimented for periods of-2;5 hrs.,-atv4 after which 15 ml—fractions
were collected from the bottom of the staput. From each fraction 0 5 ml
.. were removed for cell countszin a model B Coulter Counter fitted with

=

~
.

e

-

PR



~ OSMOLARTY OF PBS. DIlUTED IN WATER

3007 &

Fish Serum,

~

‘ | g "Tocid SérUm;..--;-,-
&

1

100

Fish PBS. Toad PBS.

% H,O ADDED .

e J

24
o
-

T e ) : \ .
T ! . o
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. [ Fig. 10

. Osmolarity of PBS diluted in w&ter; Each poiﬁt and the

 for fish and toad sera correspond to at least 6 uniform

.20 30 40 50

values
readings.
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a 70u apertﬁre. Differential counts. of 1euko— and erythrocytes and

viability by eosin dye. exclusion were determined in-aihemocytometer,'

counting at 1east 100 cells per fraction. The fractions were centri-

| vfuged at 330 8 for 10 min., the supernatants discarded and the cell B
_;pellets- resuspended in L-15 medium. Cells ‘were: pooled according to
.velocity of sedimentation. 20 x 106 cells of tﬁ% original cell sus-

. pensions ‘were kept unfractionated at 4 ¥n PBS-3ZFCS All cellépwere -

assayed for ABC by incubating them at 0° for 2 hrs with 250 ng

of 3H‘-—POL They were then washed and processed for autoradiography,,

stained and screened as described in chapt II

Calculation of- the velocity of sedimentation._ Calculations were made o

on a Wang 500 computer, utilizing a" program previously elaborated by

"others(9l) in which the sedimentation velocity is determined by dividing
£

the distance for which each cell fractipn Sedimented by a time

value. This time would include the time the cells in a particular

fraction had spent in. the cyclindrical part -0f the’ staput chamber,

“plus half - the time ‘they had spent in the conical section._

’ Cell recovery after velocity sedimentation. The total number of cells .

recovered in all.fractions was compared with the numggr of cells in

the unfractionated cell sudpensiOn, to assess’ the percentage of

‘L effectiveness of the separation procedure The recovery of 1ymphocytes

was 80—904 of both f£ish and toad’ cells, while that of the ABC was 60—

100% in toad and 40-60% in Vfish cells.

Expression of the results. The results are expressed in terms of both

Apercentages of that pool of fractions which gave the maximum number of -~

ABC, and numbers of ABC/lO white cells. By the first method all responses

were’ related to the peak reactiv1ty of each experiment, facilitating

e - .o . N
. L T . o ok

LA

. 49



t

comparison between experiments (9) /By the-second method it was possible

A

to observe quantitative kinetics in terms of actual numbex. of ABC per

106 leukocytes present in the spleen of the tested animals. Each_cell K

N

'separation experiment was repeated at least twice. - "fch; .
RESULTS S -

/

Sedimentation velocity separation of toad cells Before. analysing the
Ly

size kinetics after stimulation it was important to have some backgr—

<

.ound information about’ the population profile of spleen cells from nor-

mal toads. As shown in Fig. 11, the distribut&on of pooled spleen cells

)

,from 2. or more toads covered ‘the, almost complete range of sedimentation'

velocities, forming two major'peaks corresponding to velocities of 2.4

-vand 3. 6 mm/hr. Differential counts of the ‘cells. in each fraction have o

<shown that the erythrocytes sedimented with the highest velocities and

almostf;:re goncentrations of leukocytes w§§ﬁ§?btained in a major peak

correSponding to 3. 6 mm/hr Host of the lymphocytes sedimenting An- these '

fractions were of the small and medium—size type, few smaller ones were~?

e

"observed in the 2-3- mm/hr rangei.The second peak obtained at these Ve—'

locities contained mostly dead cells, the number of which appeared to

' be much higher that in ‘the original cell suspension. Since the loss of

{cell viability in the stored unfractionated suspension was minimal (less ‘

D
than 57), a cytotoxic interaction between cells from different indivi~z

dual toads, known to reactiin mixed lymphocytes cultures (MLC) (69),_
was suspected~to be at. 1east one of the causes of mortality This hypo—

: thesis ‘was tested by fractionation of cell suspensions from. single .

spleens. Fig 12 shows a- typical result of one of these fractionations,

which were repeated 3 times with constant resplts.
\ » . V\’}' - ) P .
\\ I -
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_+ «  SIZE DISTRIBUTION OF TOTAL & WHITE (VIABLE) CELLS FROM NORMAL TOADS §
* - - LE SR B | <-®- VIABLE WHITE CELLS ., . -
TowRMLCRus -

—

“

s.
P S

¢

CELS X106

T Y oo
..~ SEDIMENTATION VELOCITY mm/hr-

.k Coa R R »

Fig. 11

Sedﬁmgntatiqn_yelocity separation of total cells (—o—) and . Sy
" viable leukocytes,(-fq-f) from a pool of two toad-sp;een§a4'- ,
' The sedimentation time was 2.5 hrs.. This separation:was repea- -
ted’3 times with little variation in the baéit‘pattern,_and'a, S
typical profile is presented. o o ‘ o
SRR | ‘ e - e DN
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* SIZE DISTRIBUTION OF TOTAI. & WHITE (VIABI.E) CEI.I.S
FROM NORMAI. _rggg TOAD
. ‘: '-;'-—0— IDIALCIUS
1 e S VIA!!.EWHITE CEI.I.S X
a... ' . :lf . . 5.“’ R

o .
. O .
"‘— . ..
x .
ped ’ oL
* el .
w : s
. o
: | 8 ,

- SEMAMENTATION VELOCITY ‘mm/he = - = o o

+

: _Sedn.mentatlon veloc1ty of the total cells (—-b—-) and the v:l.able
- leukocytes (--e--) from single toad- spleen. Note two peaks in . - -

typical profile of the viable ‘leukocytes; it was obtained im 3

- different separatlons. The" sédmentatlon time was 2.5 hrs.

‘\.,

ﬁ’* i

52 "



Two peaks of viable white cells were’ observed, one corresponding to
N (T /

T a sedimentation velocity of 3 6 mm/hr, the other to 1, 8 mm/hr.

= o°

marlnus spleens can vary considerably in size, independently of the

to 230 % 106

n~b0dy weight, and can contain from 30- X‘IO vdable leuko—-"m“”*'”‘"j

. ‘cytes. Furthermqre, no ABQ Were ever’ found in the cells sedimenting at.'

less than 2. 0 mm/hr. Therefore, for the following experiments in which”

'2 more than 100 x 106 viable white cells were utilized cellg from two or

- o . Lo .-

more spleens were pooled before fractionation. .
[ -~ M

et

Size—kinetics of toad antigen-binding cells after immunization After-

e,

injection of the antigen, a. presumably“gon~specific change was observed '

N ,.._

k2

- from 3 6 to 4.1 mm/hr and it had also widened to include more’. large ‘5

: °peak had returned to sediment at 3.5 mm/hr. After 3 days the small cells ;"

in tqf size-distribution profile of the total §pleen leukocytes (Eig. M3)n:[.5f’

One day after immunisation the peak relative to these cells had moved
o

‘ ce11§ Two days after immunization a second‘peak of small cells was e

observed in correspondence with a veloeity of 2 7 mm/hr, while the majdr :

-were still present, -even though in lower number.h

Unfractionated toad spleen cells contained .an aveqage of 18 ABC/1064 . ,*f&:f

‘ . »

(range 13-24/10 ) before immunization Their size—distribution followed"’f'

©

) that ‘of the total population of white cells (Fig. 13 _day 0). Most of

14 ‘-’L..

- the ABC had a diameter of 8—9 p, while few were large cells with a dia—‘h‘i

meter of more than 12 p and nvery few were smaller than 8 P Cellular

o>

- enlargement appeared one day after stimulation, when most of thg,an;igen— .

1 binding activity was found in cells sedimenting in the 4 5 ﬁhrar;feige.vf;.f
- \ \ s 5 ‘w
One day 1ater a new population of small ABC appeared. which sedémented

. at 2 7" qm/hr. At day 3 the small ABC had also undergone blastogenesis_?

(

and’ only one broad peak of ABC was observed sedimenting at 4 9 mm/hr.‘, .
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The overall‘effect of %nmuniaation on the Rihetitsiﬁfwtﬁeﬂﬁﬂc was -
| { .e\"

. Y
:better seengby plottin‘ the velocity of sediment&tibn vs. the :actual

Ed ) .‘r - . ' B . 'va
| number of ABC/IO screenéd cells (F 14) \The}firég abs r;ﬁg;on de- T
. _é ¥ G e e el
ii g e+ ST . 3
rived from this graph is that the se ration b%, ¥ ity & imentation

was .effective in concentrating most of the ABG in

o Yet the most interesting indication is that NBC seem%ﬁ fo be lesbvnu—'
\ ' \poﬁf‘ - IR Rl
‘ merous one and two’ days after immunization but reappdaréd in larger fﬁ;P
" ' : ’-.‘ "f i"‘ ..
numbers and size afterwa days. ‘ '_." ' . L - -~f'; =5 -&f;
’ ol ‘ ! A
¥ Morphology of - toad antigen‘binding cells. The appearance of toad ABC o “';
[ -
wa# not different from that of the sahe cells”found i%jfish (Chapt II) CThE g
- ‘(l T, R . Ve

W / 1 .
or. in mice (443& load cells labell d with 3H—POL could form éaps at 4 "f

. f .
T R T .

(Fig 15), indicating that thié c uld be a charaeteristic present in

all.Poikilotherms.

i -
only one of the two.was labelle (Fig.yr6) ‘Three days after 1mmuniza-;_; ;;;f‘f
"tlon mést of- the cells were ei her capping or were uniformly but head P
. vely labelled“‘(Fig 7) b ,. ‘:'__}, - T
| Sedimentdtidh Veloc1ty separaZion of fish cells. A typical size—distri—;{.?:;ﬁ,l o
butioig,»profile of total sple n cells from normal fish is representeg] s : : ‘
i i s - , N
; in Fig. ‘18. Fish erythrocytes sedimented in the fastest fractions, o 7

:‘Whlle the dedﬂ.cells and thq debris were found in the slowest ones. The -
maJority of the leukocytes sedlmented at- a velocity of 2. 25 mm/hr and

Yy

were about 7 p 1n diameter, Few larger cells sedimented at’ velociti;s o

N i - A

in the 4~7 mm/hr range%and were as Targe as 20 p 1n“ﬂiameter ﬁSince nu-

¥

4\‘ & L ‘,,

L »
merous v1able small leukocytes were presenﬁ}in correspondence of the v,
N .«}-. A} 3 B e _“\

kiﬂ(slowest peak, no attempt was hade to compare the sedimentatiog profile
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Fig. 15 - ‘;.'/
> Large toad lymphocyte (12 P in diameter) forming a cap with 3H—POL. .
Gimsa stain. X, 2’400 o ‘ : v . .
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Fig. 16
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Sgall toad lymphocyte (6 B in diameter) labelled with
Gjmsa stain. x 2400° , .
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Heavely labelled toad lymphocyte 3 days after 1mmunization.

Gimsa stain. X 2400.
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SIZE DISTRIBUTION OF. TOTAL & WHITE (VIABLE) CELLS FROM NORMAI. GOLDF!SH
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SEDIMENTATION VELOCITY mm/hr BTN

Flg 18

.,Iyplcal proflles obtalned after sedlmentatlon veloc;ty separatlon ’

"of total cells (--e--) and viable’ leukocytes: (—o—) from a pool
»of 6 fish spleens._The sedlmentatlbn time was 2.5 hrs,
7 . _ . PR B ' ’ .
. . . , . . . DR
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of pooled.cells withttga; of'cells from a single-fish ‘ : ; ~

Size-kinetics of fish antigen—binding,cells after immunization. The non-

‘ specific effect of the antigen observed in toad spleen cells appeared lI

_to affect also fish cells,'eVen‘thOugh toa lower degree. In fact more,

s

cells were. observed in the velocity range of 4-7 mm/hr 2 days aftef’than

¥

Two sub—populations of ABC seemed to be predent in the spleens of un-

\

’;immunized fish, a major one with size and sedimentation characteristics

of the rest of the splenocytes, and a smaller one composed of larger

'f_ cells whichﬁjormed a major peak at 4.0 mm/hr. One day after immunization
! 1

*0“ —

— 7
qggt of. the small ABC appeared to have enlarged and sedimented as’ a -'
- .

major peak at 4.0- mm/hr After two days Very few ABC werelstill small,.

4 -."

-while most of them-had veIocities in the 4 4—7 8 mm/hr range. After -

o -

3 days most of the ABC were'of the medium size and”more smaller ones .
-’ ) R )v '

i

had reappeared (Fig.,19).' B L ‘,.-ﬂ ;' ’ T

. The increase in number of ABC/lO screened cells observed in toad spleens

-

.\\
3 days after immunization seemed to have different kinetics in fish

'spleens. As can be seen. in Eig. 20, 2 days after antigenic challenge
there was a ttarfold increase in the number of ABC/lO > which neverthe-

less one day later returned to valges similar to those observed in spleens

L3

B from normal- fish L o ‘; — t»‘~ '“': s
v - . ’ co ’ -
o DISCUSSION S T o R

.1 -Velocity sedimentation at. unit gravity is a separation technique that
-fmostly'reflects cell size. Originally it was used tg separate mammalian ’

cells which had different functional properties (109 128 129)
Qs

;.The use of this procedure in the present study was inffiated for two

A

.6l



POPULATION KINETICS OF ABC IN FISH AFTER STIMULATION WITH POL -
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Changes in fish spleen ABC veloclty of sedlmentatlon 0—3 days' _
after .unmunlzatlon with 10 ug of POL. Each time point was re- .
peate_d twice using the spleens from 6 fish, with little vari-
o ation in the basic pattern. The assay for. ABd—aﬁ_d_tlTeTreseﬂm. e
tatlon of the data are the same as in Flg. 10. _ R *
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. -_Fig. 20 ) ‘ . ) N
. Vi ons “in numbers and veloc1ty of sed:.mem'.atlon of fis

Variatic
“-ABC’ 0—3 days after 1mmunlzatlon w:Lth 10 ug of POL.
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" reasons. The—first one was to establish an experimental continuity in

the analysis of cell differentiation in toad spleen between the moment -

" of immunization and the development -of the AFC which had been inve—_

| -stigated previously (91) Secondly, the finding that in ‘mice both ABC

- and ‘immunocompetent cells coincided in blastogenic activity 24 hrs

E after antigenic stimulation (93) had made it phylogenetically intere—

‘,'of ABC and AFC tend [to coincide. _;. Cll' - _/'

The results observ

64

sting to compare this reSponse with that of more primitive species ‘ 4’g T

| J .
such &s B. Marinus and C. auratus. " o _ '_ ; /

/

. The data reported hate connect well with those obtained in anpther

'study on the differentiation of toad AFC which 3 days afteq/antigenic~

L /
stimulation, had been shown .to be mainly'of the medium and large size
“&\‘ .
‘types, had low density and most of~th§m incorporated 3H—Thymidine (91)

v

At that ‘time of. the-immune response the size profiie of ABC had clearly -
, moved towards the zone of the 1arger cells which coincided with that
of the earliest detectable AFC Furthermore, the number of ABC in the f

- spleen of immunized toads was found to. be double or more than before

H e

immunization, suggesting that cell proliferation had been aptive. There- .

f'fore it appears that, 3 days after stimulation, the two populations '

.{_-_

:a‘

‘ at day L“and 2 following the antigenic stimulus,

\\ were rather unexp ted. Even though 3’e size distributions indicated

-;,cs- .

that cell differ ntiation had occurred as’ shown by the new peak of .

.f‘small ABC present at day 2, the proportion of large cells was higher

‘at day 3 than at day 1. Furthermore, ‘the actual number of ABC was lower .
‘at dé?é 1 and -2 than before immunizatiqn..A possible explanation for

jthese apggéently contradicting observations could be derived from the

results obtained by other authors (91) They found that in toads'

T

o

>

N, =




RN

-k

,vfsions of ‘ABC fo %
. €

Tficult to detect because of_migration of immuno-- ' -

'fin toads.

S e 3

the maximal AFC-response was reEChed faster in the blood than in the

spleen,'and early after immuniz tion the AFC found in the blood were

/

. of higher density than those present in the spleen, suggesting that

~

* than in the spleen In addition, those authors had some evidence that

1

Aha

. in teads the function of antibody production matured in the blood earller h

N

the differentiation of. the AFC in these animals involved a_ﬁpries of ';'/4

V:halv1ng divisions, without intermediate growth On- this basis it appears

i

that, while the peak of small ABC at day 2 could have derived from di—'

«

an event would be d
1]

competent cells from the spleen to the blood

.

. The - same pattern of differentiation of ABC appgared also to be present

“‘H .

in the. spleen of goldfish with some. minor differences from that found

o
iy

r
&

* jA

Two SUpropulations of ABC were already present in the spleen of normal

fish The first effect of immunizatson appeared to be the loss of l%rge

‘~“ABC from the spleen and the enlargement of the. small ones Blastogenesis-

- ;that found’in the telophase of mitosis. It is. normally accepted that

seemed to.occur 2 days after 1mmunizat10n, 1n.contrast‘w1th the data -

T

obtained from the toadl where it occurred,at day 3 The earlierpreSpons%'

]
- 3

<

of the fish “when compared Wlth that of the toad may be due to the ;»ff

e : .

‘ than that of the toads,,which_at‘37 are known to produce a better AFC—

-4

response than at 22o (43)-'ﬁ”

An observation that demands confirmation through specific 1nvest1gat10ns

.‘_, v

' is’that of cell couplets in which only one cell became labelled%with

b

: ;ritlated antigen, even’ though their morphology was very 51m11ar to”

/1 g . \ oy-n_ N

o . - . . L . ) . S . £ o

- e e

& o
rlier times, the numérical results of such R

: U i
,"fact that at room temperature the metabolism of the fish is more actlve e

[

R : 'k‘-!.
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after stimdlation, the immunocompetent cells divide equally.

o -Neverthe—

less the existence 'of . unequal cell divisions has to be kept’in mind

~in view of phenomena sueh as memory-cell production.

-

se.t



‘ SECONDARY RESPONSES” OF THE TOAD Bufo marinus Y

,for one experiment at 37 . referred to in the text.

.at 37 the animals were fed twice/week.

"that was given for the priming immunization.

w1 and the second goup received 5 x 108 SRC in 0 5‘ml. 44 wks after

groups were 1njected witﬁ N) SRC. All injectaons were made;i,p..

NN . . | : : .
. . . Vo

T T ']

CHAPTER IV - KINETICS OF SERUM ANTIBODIES IN THE- PRIMARX AND ' S

4

¥

MATERIALS AND METHODS ~ - . - . . ik

, Animals Adult B. marinus toads were acquired ‘and maintained as mentio—

p | < : . '

ned in Chapt. III The animals were kept at room’ temperature, except S

‘e

Groups&gf toads were matched in body weight which on the- average was

o

250 + .50 gr. They ere fed 1- -2 baby mice per ‘week. Cage was taken to

) they were fed separately or replaced During thé experiment conducted

~<

u

0. . . ‘. “’\- '}’ »_ -—
Antigens Polymerized flagellin (POL) from S. adelaide was prepared '

' as described in Chapt. II. Sheep erythrocytes (SRC) were collected in vf",e' ;;
Alsever s solution and stored at. 4° g Before being iu,acted they wexei-__.f»‘ _,f,'
washed 3x and resuspended in the same solution. . . ‘ 'a, C ':;) L ;:

B Immunizations. Four groups of 4 toads each Were injected with 1.0 ng,~ . ],1;§%
. ; S S
" 100 ng, 10 pg and 100 pg/toad qf POL in 0 2 ml of water.ig, After 66

‘days the«first 3 groups were reinjected with the same dose of antigen'

A4 ‘l

. Two groups of 4 toads each were/inJected with 2 x 108 SRC in 0 2 ml.\

;.144 days thereafter one grouz received a. sec0nd dOSe of 108 SRC in 0. 1

I

the first inJection (23 wks after the second one) all toads of both

Each experiment was repeated at %EaSt twice. ﬁi.

.
.

EBleeding Normal qik‘immunized toads Were bled at Weekly in ervals by _

e

"heart puncture using individﬂag tuberculin siringes with 25 gaug%fneedles. ., 1;_wf

an

~ . Sl




. Vi i
/ /r‘ -
/ ’ '

o ﬂInitdally it was attempted to anesthetize the toads with Ms~222 tricane
S &i .

A
methane—sulphonate (Sandoz Biocheh., Hanover, N. J ), with'ether or by v)

. . "
Y

/;;.A///.

tr

; PR 4. . o ‘," a i
exposure at: ﬂ,. All thus rocedu§§SWere tihe—consuming qu resulted g o
s v, tw»» .,_‘ ". .
: either in high mortalii 4 rcin inflation ‘and rigidity dT the ventral e

- . . -

- N Jv < Yﬂk“:; :

p L -
o bodyﬂwall which made the qardﬁac puncture impossible. Since it was

\.\, i e

¢ ,esse?@ﬁal to keep the toads in good heal Lor 1dng—term expe;iments, ‘-, v

.cardiac punctures were attempted without anesﬂheséf To this procedure C A
C g
o the toads reacted witp litt;e to moderﬁ%e agidag,pn for a few seconds o

when put in dorsal decubitus but otherwise they underwent the puncture

o Lo 'o“'iw-n.

without excessive disturbance._.-i’ L - ”_4' o

i oy, o 4 -
3 -

A volume of 0. 1-0.15 ml of blood was taken from each animalTﬁpd indi—

vidually stored in Beckman microcentrifuge plastic tubes. &h@ blood £;A7
was incubated at room temperafure for 30 min, follode by exposure to "'; K
o A Tl ) ;l..‘ , A ‘g:; ‘ v o

4° for 1, hr and the sera we;e«separated by centgifugation f ". - B

{ e
The sera from toads immunized with POL and those from control uhimmu—'

s
!

nized animals were decomplemented bv fdrther incubation at’ 5 or : 'j'_/y

30 min. Sera from animals injected wit ' SRC were only qccasionally de—" S

complemented as indicated in the text All sera Were tested for anti— "'/:‘-‘

body activity on the same»day of collection. ‘

,9 . ’ . R

. . For serum fractionation egperiments the toads were killed by pithing

, “

: and bled’ from the heart with a pasteur pipette. Zhe blood was collected o

of

'1n plastic Falcon tube%{ri;;ubated for 30 min at. room temperature and -S ‘

at 4 for l hr, and_the sera were spparated by centrifugation in the cold

o ‘ /o bl .
Tests for humoral antibodies. The sera from- POLﬂif ' zed‘toads'were S rf

\’ R

titrated for bacteria—immobilizlng antibodies as described in Gapt. II.
s L Y; ]
Sera were titrated for SRC hemagglutiqins in titration trays with U sha~‘

= AN

ped wells, u31ng capillary diluters (Biocult Linbro, Paisley, Scotland),*liiiﬂa_imw

¢

o coen e \ - A . Sl e . ,,‘V‘;;:-i. . e Co

i L - . (N ’ Tty P



© in 507 sat. (NH ) §gz The fractions 40 to

B ‘, 3 B - »‘ -
5 x 107 SRC in 50 pl ‘were added to 50< 1 of diluted sera and the trays"
e . :
AR ' A B Q). .
~. were incubated at room temperatgre for'” Q 5 hrs before reading. CS A

All sera treated with 2—ME“dﬁ].M) we&%/incubated for 1 hr at 37 uaf*rh »

M
9T N -

\ . JUREE - —

titration. S R s : (%B < :
Fractiondéi%n of’ Sera. Normalxand anti—POL immunogIobulins were: frac—

tionated from pooled sera of toads either normal or immunized 1. p.,14

. ‘4 . o -

days before with 100 ug of PﬁL i 'T_ T _if_:.

- The immunoglobulins were first separated from the sera byﬁprecipitation :

- § .

»with 5% sat. (NH )2804 at room tempe ture (76) The precipitate was _W@iw

i ",‘

: and fractionated by gél'

. ! This was done .at. 4~ on'. Sep

T - ‘1 p"‘p' .

filtra‘tion in

. © .

. l&(v a .1»

..»

R 3
using a peristaltic pump at h flow rete'ﬁfss‘ml/hr The optical den—&g"”;

o \Sq

sity was. measured at 280 mu. Fig. T shows-a,typical result of gel f

LBy : 8- ﬂ

trationu.m Sephadex G200 of the serum proteins previously precipitated

7 obtained from the first

separation were regularly gel filtrated once more to separate from IgM

e& GZOO (Pharm)cﬁ. : o

' Uppsala; SWedenf,'” a column 5 cm in diameter anax9$1cm high Sampies f;;- .

vf‘? e

- of 8+10 ml were loaded and 15 ml fractions were collected from tﬁeﬁtop, ,Av;‘::

the macrogiobulin aggregates and the contamlnant IgG which,appear .as ; -K fi

—_— S A

v

| shoulders of the_ single peak in fractions 40 44 and 58-78 (Fig 22)

> e

" The proteins were-concentrated\from ‘pdoled fractions by precipitation
&

"in §D7 sat.. (NH )ZSO4 After centrifugation the precipitate was dissol-"

ved in 5 ml of 0.97% NaCl and dialysedcfor 24 hrs against 2 1 of»saline'33

»

» to remove the remaining ammonium salt. ". » -" ' ﬂ ,]? . L.‘-

The protein roncentration was - determined by absorbancy at 280 mu, taking )

Eé/5cm 7. 0 for comparative purposes. Before being 1nJected both nor- .

N
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:Flg 21

%

~

P

- FRACTIONS

. ‘ a2l ) ;
Gel fractionatlon on Sephadex G—ZOO of the fradtlon of

" B. marlnu& serum predcipitatéd with 50% sat. -

(NPI) SO. .

This ba51g‘pattern was obtalned several /times w1tﬁ 4

Hprec1p;tate=

From?

from both bormal ‘and’ anti~POL sera.

-

<
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* . Fig.. 22+ .
_Refrgbtionation orn Sephadgx

_ fractipons 40—?: of Fig. ;21.
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-

y‘.' o ‘ . o ,,l. . -

ff.tivity, as mentigggd fﬁ%ther in the text.- #

. ] .

A Immunoelectrophoresis. The purity of IgM concentrated from fracudOns
- o :

.45 57 (Fig 22) was tested by immunoelectrophoresis. This procedure o

B

‘was carried out in a, cassette electrophoresis cell (Analytical Chemists

72

"‘Inc., Palo Altd, Calif, Y, using Barbital buffer at PH 8.6(0. 05 M with

4
Hea
0. 0352 ethylene-—di amino--tetraacetic a;;id (EPTA)). The)‘samplesﬁre
3 . P '
loaded on ready-t o-use. Agarose Universal Electrophoresis films (ACI)
T, i . L S
R - |
;¢;{ the apparatus was rum. for 45 min‘aﬁien the proteins were’ precipi— L
' i i e et
t rogm temperature for 12 hrs usi _a e

-

o »

_Q b J'g*.tﬂatefd by immuno—diffusio

| -s:; ﬁnti toadrwhole—serug autiserum. The precipitates were stained wit 3,; -

<o 0. 27 w/v Amigp‘black in 52 acetic acid for-dS min, washed with the séme
concentration of acetic acid and driedtat 75&85 . As shown in Fig 23 ’

. _-qu:f\

a single precipitation 1ine was obtained with IgM (no 4 and 5). and ‘

R

. FF
- with IgG (no. 6}, while the preparatidn obtained ‘after salt-precipitation

C o still i‘cluded both sLow and fa&t moving proteins (no._3)

No. 1 and 2

: are the patterns obtained with whole toaﬂ sera and are inqluded for
| comparison.‘ ° ' ’
.

‘Preparation of rabbit anti toad—whole—serum antibody. Adult rabbits

. were gfyen several'injections of 3'ml of toad serum in CFA -The injecAv'v )
‘._1 °

}tions were made in small doses at several places each along the abdo—

-~ . 1

. T Lo
minal wall and in the inters’capulﬁw' 5& anima’ls“wefe bleﬂ‘

' After incubation for 1 hr at room temperature and for 2 hrs at 4~“the-»

days after the last inJection and the blood’collebted in glass tubesrf. -

S

serum was separated from thg blood by centrifugation. ," ' ? L ”;~;s<4 o

:

' lgg Aliquots of 3 5 mg,of IgM from normal toads {JZ,

*2 I (New England Nuclear, Boston, Mass ) by

IQdination of To

.(N—IgM) were labelled with

-
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-~ N

Fig. 23. ROV

Immunoelectrophoresls of toad’ whole serum (l ﬁ%

Mw (NH,) SO, .

‘TgM (4,5), 7
IgG (6) and the serum fractlon prec1p1tated-w1th 50% .sat), e
All the. 1mmunod1ffuszon prec1p1tatlon lines were

. SR | ; :‘“-fV

. cobtained w1th rabblt antiserum agalnst whole toad serum. The - . - _,"} N
e electrophoresxs was run for 45 min, 'the- 1mmunod1ffu510n for 12 - N
. hrs. The catode. is to the left. .= -
L § . ,- i R

ey K g "/ ]

i » ° " . " '?74-‘.
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EAGS

sured By counting the tric oroacetic aide(TCA)-precipiste and the

o

¥ pi@ate. After 12 hrs of: dialysis 852?0

. f? -ciated with the proteiﬁs~in the sempie.

R

RYaE ’ ' “ e
L - : -

' the chloramine-T method (82) The effect eness ogw%abelling was mea*

supernatant of ‘a:0.1 ml sample immediately after labelling, 30 min later'

and again afte dia1yg5,s for 12 his: igé‘inst 2 e 0 /f saline. The TCA—
e 8 e - . b .
precipitation shosLd that moréd than 99% .34 the label was in the pr%ri—

' x

e radio—activity was asso“

'All counts were made in—a Pa—

\-h un;. -8 . - X

4 toads}eadh»were kept at, 22 or, 37° for one week before th .§p3'

- .
'*i c. of 0. 75 mg of 125I—N IgM'in 0 3 ml The toads were bled by cardiac

-

ﬂEgzncture.before che injection and thereafter, at’ “30 sec, 3 6 9, 24 hrs,” -

daily for -6- 8 ﬁays and, folIbwing this, every second day. 0.2 ml of
blood was collected from each toad and the sera_ separated as described

abbve. For the earliesb—counts 50 pl of serum, ité TCA-precipitate and.w
. 10‘\ X % ? ,q .:R "é’x«’ e :
supernatant and 0 1 ﬂl of whole blood from,each toad‘were separately -2

counted for radioactivity. After 6 hrs 50 pl of serum and 0. 1 ml of

E .,».}«

. whole blood were counted All counts were adjusted for decay using a

13

‘..r

itable~in which the: half—life of the isotOpe used is shown to be 60 days

- a

‘ . . V.M \ . R R

-

The mean radioactiv1ty of the sera was plotted against time and the %},T

(3

';wngifalf—life of the injected protein was determined graphically from ‘the
! ] '

V..

- o - . . ) . : . o B X3

: .o -~ . Lo ”;S.‘ . 'S L. - h: i
Primary and- secondary respanses td POL;VAlthough it has been observed

“

[

1ntra— and\extra-vascular spaces (149). -h fh~ o ;:;

_.““ﬂgi ‘ ; ~
L. Lo S ) . . . 3 »
RESULTS . .~ . PR 8

slope of the semi-logarithmic curve after initial equilibration between _5

At
A
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té;; B. marinus toads may have natural antibo @gainst Séimonella
. - @t

antigens with titers in the 1:0-40 range_ (141), no auch antibodieaj5

b

- agaimst POL were observed in the sera of the animals used\in this study.

t

g:\~The capacity of marine toada to produce a secondary response has. been
"‘*‘i:y -&' - . . . \
- investigpted using-different doses of‘POL (Fig. 74).

Toads immunized with 1.0 ng/animal had detectable antibodies one.wgek
Y s B w
*ldger. Th%s primary response peaked after 4 wks and declined after 8 -

N

weeks" A aecond,,injection of t‘ same dose of - antigen given 68 days

. e . , S — SR

‘{?e after the first one. induced a‘response with anamnestic characteristics..

LI ,‘\_,J_a .o

(%‘*A new peak of antibody titer was reached within»Shweeksaand was signi-,l'

(,,‘.0,4, &

) A
ficantly higher thah the primary one. " Other characteristics of ﬁhe

u!« v

””i,xsecondary response observed in Mammals, i e. lbnger duration of the .

’ response and increased production of Z-ME—resistant antibodies were: -
. .!,_ , K ) ) o . . . .““\‘,\_{
;absent in these toads. o “"'_ Co o . 2d

‘

T one

'Tgf response to theahjgher dose of 100 ng of POL followed the same

-kinetics obtained with l 0 ng, but the titer of tﬂh*antibodies was

higher at all times of assay._ o o e

T

A'A further increase in antigen dose to 10 pg induced a faster primary .

_response. wh}ch reached its peak at 5 wks and diminished after 8—9 wks
ey
A second inJection at ‘this point stimulated a secondary resp&nse which

failed to reach antiquy titers higher thau those obtained with 100 ng -

. of POL. - This response, however, lasted fof more,than 20 wks. N L

75

N

e 1R

W

"Humoral response to a high dose of POL Toads inJected with 100 pg of -

POL and kept at room temperature responded within 2—3~wks winh very
high levels of serum antibodies, reaching titers of 1 512 000 or more :

"(Flg; 35) The response'lasted for*more than 34 wks and some toads still

had;significant titers of antibodies one- year after a single 1mmuniza- t:;

. ' . .. . o : Ve
[ . R , T e
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‘tion. This response though rather than being constant foliowed cyclic
' L]

oscillations, in which peaks -and troughs appeared at 2-3 wksd intervals,'&

 depending on the individual toad (Fig. 26). . -~ - " S
. . - . Q' . ‘
- Catabolism of immunoglobulins in toads. In order to find an. explanation

v’ h

| for the cyclic rise and fall of the antibody" titers, the cataboIic rate

. * . . ) <7
—  of { unoglohﬁlins in the,circulatiogzhas estimaied It was;sfasoned

vthat suc ¢ling may reflect some~feedback mechanism bvagM antiboﬂj’)

S .-~labelied with 1-25I and injected 1. c. into normal toads. The analysis f -

Alof the catabolic rate of" NJigM showed that these immunoglobulins have .

. [ o ____________ ‘__'__4; - ‘—-—*v mA:——*’ ) .
a A--life: of 17 days in toads kept at\22c, apd 12 days in those kept S
oy Y y ) . N ) 7 '__',-; :
at 3 ﬂwu.zn, _ﬁ~r, e S \\ X Co T -
e R AR % T Y2 . - L : : IR
S hl .
Humoral regponse to shee throc tes. Since SRC are considere to. . STy
< spoise to sheep gfythrocy o RS
be antigens the response to which in mice requires the collgﬁﬁfation I
‘ 0F B :
- _of at least two cell types (27) it was interesting to test the fespon- : .
o b S
‘ siveness ofAthe marine toads to- this a si en. . . . Wv~ . ;_ .:_.“ N
. As shown in Fig.28, toads responded welﬁpto a dose - of 2 X 108 SRC. IR
MY v '% b Q‘& v"' g B ‘
i Specific hemhgglutinins appeared in the sera one week after immunization, oy
' their level peaked after zf;k;—~;§ de‘liaedfafter 9~wk£ gggsiéfently e

only a large dose of SRC was capable of.. inducing ‘a secondary response

7
.

with;a shortér lag-phase than that of the primary one, ‘yet it failed
. ’.‘_.Q ‘,."‘Q

-

'to stimulate titers of antibody dharacteriskie of'an“anamnestic ;Esponse.v

- ~ie

‘ . Furthermore, the incubation of the anti—SRC sera at 57 for 30ﬁmin, or
9sc :
R .

' ‘.'wxgh a«yE obliterated the antibody activity T U O S ;

'Suppression of the antibody response tD POL by~ pa331Ve 1mmune IgM.‘Dif—

\

ferent groups of 4 toads each were given I- IgM at- doses of 6.4 mg or,

XY

- 0.64 mg/toad I—IgG at a dose of 5 ng/toad and N-—IgM at 6 O mg/toad

« .
- >
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. Fig. 26 / R
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*rum antlbody response of 3 representat'lve toads J.mmum.zed
’ Wlth 100 Pg€0f POL.
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three“davs_éftér:immuniaation with 100 pg of POL. All these proteins

Y

- were administered 1.p..in 1.0 ml of saline. The titer of I—IgM (6.4
mg/ml) was 1: 32, 000, that of I- IgG was 1: 12§;’nd both were sensitive
to treatment with 2—ME No anti- HOL activity was present in N-IgM'

. which was given for comparison, to test the effect of non~-specific
proteins on the antibody response The normal level the serum proteins

in unimmunized toads wap 11.25 mg/ml and in immunized‘ones was 12.&
'ng/mlr

‘ , p
The 1njection of I IgG N-IgM and diluted I~ IgM had no effect on the

humoral response to POL, which was s1milar to that of untreated immu—

nized tontrols. .In those ‘toads 1n3ected with concentrated I-IgM the
b

initial response appeared‘somewhat enhanced when compared with that
"iof “immunized controls (Fig 29) Some clear- difference between fhese
two ‘BTOUpPs Was however seen 70*80 days after immunization,-in that the
Aantibody titer was . significantly\IOWer (p= 0.01—0;05) in toads that

had received a high dose of I-IgM

‘J- P

DISCUSSION

[ 4
.

In these experiments.the,antigen.dosage has. been proven to,play an im-

. po;tant’part in thengemonstration of a secondary response.;The data
i -

presented here confirm the observations made in other species of foi—
kilothermsv(S, 28 146) but disagree with other reports which claimed

- a reduced immunolog1cal anamnesis in B. marinus {41 57) ER fﬁ

‘\.A, _1"

L_ The respogse to a second dose of 0.1 pg or less of POL appeared to be

anamnestic because of the shorter latent period and higher antibody

.

titers than during the primary response. Another characteristic found
{ .

S

in the secondary response of Homeotherms is the formation of mainly IgG Y

A}

.

3.
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e "SUPPRESSION- OF Ab RESPONSE BY PASSIVE I-1gM
S MEAN *SE. . :
-
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O
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_Fig. -29 /
- 'Effect'ot" passive _IgM—antibddy on . the .toad hmnoral_respon’se
| to 100 pg of POL. The antibody ‘was injected i.p. 3 days after
{ POL. Each point is the mean + S.E. of B animals from 2’ diffe-
rent experiments. - C
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antibodies J184) These were not found In  the marine toad, in agree-

ment with rhe res ults reported by others who have used Salmonella H
antigens (1, 43). The low anti- POL titer found after gel fractionation

of immune sera in the fraction containing low—molecular—Weight antibody

- .

(here called IgG for convenience) was'probably due to contamination

by IgM. - .
" In toads immunized with T bacteriophages some authors have found 17.98
and 7.3S antibodies in which the L .chains appeared to be similar but

the H chains -had different molecular weight, amino acid composition

and qarbohydrate content (1) Compared with human 195 and 78§ immuno-

globulins -tnad IgM Seems to have a 51milar migration pattern in gel

- e

electrophores1s, but the. 78" immunoglobulins have a “slower mobility than

-

human TgG (43). / . o , .
/ - : . : N
In Anurans the antigen Seems to persist for various periods depend!ng

-t

on the dose, especially when the animals are kept at temperatures below

»

25°. It has in fact been shown that marine toads immunized with forma-

‘.

o~ v

linized S. 'tzphosa at 25 y when transferred to a temperature of 35°

'

four months after the priming injection, produce a response higher than

that of equally treated‘toads whi&h received a booster dose of antigen
o

-(57) Persistence of the antigen, even though not demonstrated in the

present study, seems to provide the most acceptable explanation for

the Jong duration of . the response te a single dose‘of 10. pg or more

' i

of POL. A cyclic appéarence of AFC 1n mice after a Single inJection.

.

of poorly catabolized antigens (19, 133), has indeed been,taken as evi-
dence for a similar interpretation v C \

In toads kept at 22 the half—life of IgM is 17 days which closely
|

matches the periodicity of the peak titers observed in the experiments
. _\,

84
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described here. In marine toads-equally immunized but kept.at 37° the -
cycling phenomenon has not been observed by others (41); probably be-

cause of faster processing of the‘antigen and of the shorter half—life
of the serum proteins at that temperature.‘,x B B ‘m ‘ o L

]

The dose-~response kinetics‘observed in toads immunized with POchorre;-
late with the curves obtained in the response\of rats to the same anti—
gen, with the only difference that che immunogenicdosethr ho d séems

gto be lower\in toads (0 001 pg) than in rats (0 1 ug) (118). _ o
In contrast to the experiments with POL toads injected with SRC failed }

‘to demonstrate a truly anamnestic response. This. disagrees with the

A finding that the larvae of A, .obstetricans can respond to a second

‘immunization with SRC with both a shorter lag-phase and higher antibody

titers than in the primary response (52)
'Passively administered IgM antibody, depending on its concentration,

_can have an enhancing effect on the IgM response of mice. In contrast,
3
Js antibody has been shown to have the opposite effect by suppressing -

“the response E83)4 The injection of 198 antibody ‘seems to have the. same

: effect in toads,’at least as far as the early respbnse is concerned
The significant suppression by Igu antibody of the- late response to

POL is in agreement with the observation that passive 19S antibody can

~ prevent the cyclic appearance of antibodies against E. coli endotoxin .

v

in mice (19)

=,
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- from one or more spleens as described in Chapt. III,,in culture medium.'

Voo ’ v s

X
o CHAPTER V‘—rIN VITRO IMMUNE RESPONSE OF TOAD SPLEEN CELLS TO. POL

" ? "ﬁ' ’ - “ i . -
—:\ o , . i '. o
MATERIALS JAND METHODS - oL
e - . : . v

: Animals B. marinus toads were acquired and kept at room temperature
N . b

o~ . ¢ . \

as described in Chapt. III R

v * o

Antigen and Immunization.\POL from S. adelaide strain SW 1338, prepared

as. described in Chapt II, was used throughout these eﬁperiments. ~

~( 4 . B .
-As commented further in the text some toads’ vere injeCted i. p with
» ’» '

. . . s [

100 pe ofuPOL each._' ' -

Culture medium. Eagle .8 Minimal/Fssential Medium (MEM) (GIBCO) was di—

luted in® double—distilled water and’ supplemented with FCS/r"

~ The osmolarity of this medium was measured in a vapor pressure osmo-
‘ /

- B

'S

. ci1l1lin and 100 pg of streptomycin (GIBCO)-enp 250 u. of mycostatin :

\\\;:ystatin, Squibb N Y.) we‘e added per ml’ of medium.

eparation of cell suspensions. Single—cell su8pensions were prepared

-'6n ice The cells were washed 3x in medium, spun at 330 g for 10 min, »
‘ . . ‘ .

counted in a hemocytometer and tested Qor viability by ﬁ7 eosin dye

exclusion (75) -
r

Culture conditions.—zo X 106 cells in 1. 0 ml of medium were grown on ',

-2

dialysis membranes which closed the bottomrend of a glass tube and were"

tightly seaied with a ring of Silastic tubing (Dow Corning), the glass

tubes were inserted intq Erlenmeyer flasks containing 50 ml of medium

(42 101) In successive experiments the culture flasks were reduced in"

size to contain 6 x 106 cells in 0.3 m1 of medium. Unless - otherwise

' stated all the results refer to this latter cell concentration per :

+

meter ag’ described in Q_gpt III To preVent infection 100" u. of peni- .

: IsotOnic medium was made of MEE H O and FCS in the ratio 58 5%: 31 52 102

a.

.#‘.'
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rd

culturé. The cells were incubated at 37° in a humidified atmosphere

adjusted to 10% CO,.
. P ) . |
For each experimental point the cultures were prepared in triplicate

»

and- each experiment was’repeated at least three times.

.

Harvesting. At appropriate times thevcells were resuspended from the
dialysis membrane on.which;the;’had sedimented.rThe suspension was re-
moved with a pasteur pipette and_transferréd into a 5 ml glass tube'in :
ice. The memnrane was uashed onceﬁwith mediu® to pick~up left-over cells.
After centrifugation at 330 g for'lo min the cells were washed 3x in
F_P~15 ‘and the AFC counted B§;tne bacteria—adherence colony_assaé (39).

' The results are expressed in terms of ‘mean numbers + S.E. of AFC/culture.

Determlnation of 3H Thymidine incorporation. Seven hrs before harvesting

'L*cultures of 6 X 106 cells were transferred into sterile glass tubes

‘and incubated with 2 uCi of 3H—Thymidine (N.E.N., 2.0 Ci/mM specific _ .
-activity). The cells were harvested according to the following proce-

dure (10): culture tubes were'chilled at 49 and thenfcentrifuged‘at'

650 g for 10 m1n. The supernatant waS«discarded and 5 ml of cold SZ
TCA were added. After 30 min at 4° and following centrifugation, the '-‘\
precipitate wag resuspended in 0 B ml\of cold NaOH (0.1M), followed

by the addition ofzé 2 ml of 6. 7% TCA and stored\at 4 for 30 min.
e . f

Then the precipitate was, spun down and the pellet was«dissolved\inrtwo e ’;
I -, \ ‘\
drops of 107 tetraethylammonium hydroxide (TEAH) (Eastman Kodak Coﬁﬂ% . T

Rochester, N.Y. ) .The solution was diluted in 2.5 ml of scinti‘ "ion

fluid);dd poured into a scintillation vial (Packard) already containing
-

.‘7 5 ml of the same fluid This was made ‘of the following cocktail (10) :

...«

ethanol»(atsol.) 280 ml, xylene.468 ml,”l,&—dioxane 46§,ml, naphthalene

98.4 gr, PPO (2,5-diphenyloxazole) (Amersham/Searte, Arlington Heights, B
- - . = ~ : . - ' . . . " : { . .



,
‘I11.) 6.13 gr, alpha—NPO (2—(1-naphty1)35-pheny1oxazole)(Nuclear, Chi-
cago, Y11.) 0. 0613 gr: l ’ X

: The vials wvere counted in a Packard 1iquid scintillation counté;f\The
results are expressed as a ratio between the counts per minute (cpm)
given by antigen-stimulsted cultures and the.cpm of control cultures.

 The standard deviations.were calculated from the values obtained from
! : o

at 1east‘6 replicate cultures. ' _ ;

Staining of tissues in culture. ‘In order to observe the morphology of

s

. the cells in culture_the dialysis membrane on which they had settled

was cut from the inner tube of the culture flask and placed in a petri- _
' dish, taking.care to avoid any agitation which could have upset their
arrangment. The dish was slably flooded with Bouin's fixative, left

for 24 hrs at foom temperature and‘then'the tissues were processed for
staining with methylgreen pyronin (l23a).

e

RESULTS CLE N

N
Antibodwaorming cells im vI*ro afteg immunization in vivo. The quality

1
. FEKS

- N ) \J

‘of the culture conditions was tested by. growing, in the absence of an-

tigen, spleen cells from toads immunized in vivo for 2 days By this

method it was possible to—follow both cell viability and immune-respon—

»

siveness in culture conditgpns which vere new for toad cells,. without

' uncertainty about the effective activation of the cells by the antigen.

- For this experiment, each culture—flask was inoculated with 20 X 106

-

cells from 2 3 pooled splee%s.,Aqgibody-forming cells were observed

‘after 4 days in vitro, qheir number was highest.one day‘later and de—

clined thereafter (Fig 30) The ceil viability was 852 after 4 days,

~—— .

\\ tabi&ed around 5b-60% b'%tween days 5 and 7, and dtopped to 30% after 9
v ST~ ,q . © .

Foav s T

s
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Fig. 30

Toad AFC response in vitro after immuni
- of POL. Eich point is the mean + S.E. o
triplicate cultures in which large flas

were used.
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Immunizationiand response in vitro.Cultures of x 10? cells from.pgoled

' spleens of normal toads were incubated with different concentrations .
of POL in the range between 0 01 and 10 ug/ml. A.congruous number of AFC

'was observed after 5 days, but the peak response of 1945 + 273 AFC/cul-

ture was,obtained at day 6‘with the antigen concentration of 1. 0 Qg(m:. .

Concentrations of POL of 0.01 and 10 ug/ml gave reSpectively 35% and
30% of the response induced by the optimal dose of 1.0 Pg/ml.: ‘

In this culture system the cells sedimented on the dialysia membrane
forming four #trata which mostly included, starting from the bottom,
erythrocytes, large leukocytes, small leukod§tes and damaged cells
’(Fig. 31) Fig. 32 shows an enlargement of'a portion of the previous

: picture to evidentiate the large number of blast cells present in the

‘culture after 5 days. At this time pyroninophilic cells were already

‘ ]

present (Fig. 33).
'Toad AFC looked similar to those of mice (39) and varied in size, but
most of them were medium (Fig. 34) and large (Iig. 35) lymphocytes.

Effect of cell concentration. The reSults obtained in the large flasks

lfrom pooled spleen cells were incoustant and in somé experiments very
few AFC were found. Suspecting immune inhibition by histoincompatibi-
lity reactions, it was.decided to reduce the dimensions of the tissue-
culture model, 80 that the number of cells from a single spleen would ‘
be sufficient for each experiment. To assess the effect of cell con-
_centration small flasks were inoculated with ‘different numbers of cells.
As shown in Fig 36 at day 6 the response increased prOportionally

with the cell concentration, when.this was- higher than 6 x 106 cells/

'culture, reduced.responses were obtained, probably due to overcrowding.

Therefore the optimal number of 6 x 106 celhmbulture was adopted for
. Sk

90



Fig. 31 -

Hlstology of toad cells after 5 days in culture. 'rhe vartical

section shows the cell. arrangement.- The dialysn_s memhrane is . '
on” the rlght. Methyl-green pyronin. x 400. h p B, ”~

91



Fig- 32 ‘ T E . ' } E . :o

Histology of toad cells after 5 days in culture, as in % S

FJ.g. 5-2. x 800. . ) , o
.
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Medium-size antibody-forming ¢ell from day 6 culture. . -

- The antibodies cause the adherence of Salmonella bacteria.
Wet mount, therefore the bacteria ‘move -and appear fuzzy in -
this photomicrograph. x 2400. N T
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¥
TOAD IN VITRO RESPONSE TO 0.lug/ml POL: EEFECTDFCELL CONCENTRNION
Mean £ SE.
200+ ‘ —e— CONTROL |
! ( ~0—_IMMUNIZED
S S ’
w1504
- - 3.“ . .
’ ]
S
O
! ~
O 1007
< .
© -
% G
o S s0d
4 v 7 |
CELLS x 106 .
“ 2 : . EA
. . \.
NN . ,
Fig. 36 °

Effect of cell concentration on the in vitro AFC respOnse of
toad spleen cells to 0.1 pg of POL. The cultures were grown in-
25 ml1 flasks and assayed at day 6. Each point is the mean + S. E.
‘of 9 triplicate cultures from 3 experi;nent.s. : C



)
the subsequent experiments.‘ . . o,

‘Effect of the antigen dose. As shown in Fig. 37, the Optimal dose of

POL was. 1.0 pg/ml of cell suspension. A dose of 0.1 ug/ml has been. found
l'to induce a response not significantly 1ower than 1 0 ug/ml Doses of
0. 0l and 10 pg/ml produced smaller numbers of AFC. with kinﬁtics distin—
ctly different from that induced by the optimal dose A small number of
 AFC was observed at day 5 in control cultures incubated without antigen.

Effect of different sera. Since there is evidence that the presence

of allogeneic or - xenogeneic serum can differently affect the response .
in vitro to PHA and in MLC (69), this aspect was also investigated

even though not in"detail. Cultures of 20 x 106 pooled spleen cells oo

.4\

produced 165 + 15 AFC/culture when grown in medium with 102 normal

toad serum and 1837 + 146 in the presence of. 102 FCS Therefore the

.

. presence of toad serum suppressed 90% of the AFC seen in the presence

v

e

of FCS. S o .. _

- o

The uptake of tritiated Thyg;gine. The, response to- POL in vitro was '

a180 studied in terms of cell proliferation anq H-Thymidine uptake.

.The results of this experiment, shown in Fig 38, suggest that DNA re-

_ plication precedés the AFC response by 24 36 hrs. At the point of maxi—
mal incorporatibn of 3H—Thymidine the cpm values in the cultures in—
cubated with the antigen vere 4.15 times higher than in the control ones,

K

(mean’ Values + S. D.. control 4164 + 1014, stimulated 17886 + 5903).
3 )
. Persistence of the response in vitro. ‘The decline in the response to ~

various doses of POL, observed after 6 days, was somehow in. contrast
with the kinetics observed in vivo On the other hand, as mentioned .

above, the cell viability in vitro declined sensibly after 7 ‘days.
' oo
To 'investigate the" long-term,functionality of the.cells in culture, at

5o
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i Fig. 37 L - . Y-
K.metlcs of the toad :spleen AFC esponse in vitro to dlfferent
doses of POL. Cultures-of 6 x 10° were grown in 25 ml flasks. -

Each point is the mean + S.E. of 12° repllcate cultures from 4

experiments. R _ .
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H—thymldlne uptak response o toad spleen cells in vitro. :
Cultures of 6 x 10 cells were incubated with 1.0 ug/ml of POL.
The ratio on the ordinate was obtained by d1v1d1ng the cpm of .

.6 replicate cultures incubated with POL by the .cpm of 6 cul-

tures without antlgen. The data have been pooled from 2 experl-

ments. -
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7 days the medium in the reservoir was replaced with a freshly prepared

' —
batch, -and .the cultures were tested later for- AFC and cell viability.

Although the viability did not rise above 40%, the number of- AFC increa-

sed again 12 days after immunization and reached a new peak at déy 15
N A o o e o

(Fig 39). : . .. I S -
. 'an NI . . :
DISCUSSION S - - .

The results repnthdiin thiSIChapter demonstrate.that a primary: immune

response can be indhced in single~cell suspensions of amphibian-

spleen in vitro. ; . o ‘ . - )

It had been previousl§greported that fragments of X.laevis‘spleen c0uid

- ' F.
- '

respond to SRC\(9) and cell suspensions of X. laevis and of B. marinus
: : : B
could react to PHA and to allogeneic cells in vitro (69, 163). -

The immune response has been analysed by two paraneters, the increase

_in npmber of AFC and the rate of 3H—Thymidine uptake. On ‘the assumption__

that AFC result from division of precursors cells, those two functions

-~

appear tq;be correlated with each other, the kinetics of thymidine inf

-

corporation preceding the appearance of AFC.
The kinetics of the in vitro rESponse appear different grom those ob-'>

served in vivo under the same conditions of antigen and temperature (43)

Yo e '
<

In comparlson, the in vitro response‘not only produced less AFC but

3

also its peak respOnse occurred one day earlier and its lag-phase. and -

3

duration were shorter. The.rapid decline after 6 days of culture did

% not seem to be due to cell deathior loss of'the antigen, but rather

A3 v

po

e,

to nutritional factors, since the response could ‘be restored 5 days

LR

after the replacement of the medium.\

- The differences between in vivo and in‘vitro responses of toad spleen

-

- . . . - - . . » . . . .': ‘ ._‘> . ,

»
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Long term in vitro AFC- response of toad spleen-cells, yhen - = . . .
_the medium is changed dfter 7 days. Culiures of 6 x 10 ‘spleen ®
‘cells were incubated in small- flasks.. Eack po:mt represents the
" mean + S. E Jof ‘6 replicate cultures from 2 experlments. o
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cells are in agreement with similar effects obaerved'in cultures of

~

mousefcells (42). Yet some variations'seem to exist between the respon-

ses of mouse and . toadJspleen cells in-vitro.

ik

The peak response was seen in. mouse cells at day 4, while in toad cells

-

- 1t occurred at day 6. This difference agrees with the.results.reported .

~

in Chapt III where it appeared. that toad ABC undergo blastogenesis

3 days Tafter immunization, vhile in Douse spleens this process may al-

\ .
P

ready be obserVed 24 hrs after antigenic stimulation (93).

‘:More antigen is required to induce immunity and unresponsiveness in

cultures of toad cells than in those of mouse. Therefore the possibi*

ity that toad cells are less effective in handling the antigen in: vitro

has to be~ considered In fact it has been shown that fresh SRC have.

-~

'_to be added weekly to cultures of X. laevis spleen fragments in orxder

\

to obtain a good response 9.

Cultures of toad spleen cells yielded AFC in numbers comparable to those

found in cultures of mouse cells; In'both‘systems there_is a logarith-

- . : 6

mic increase of AFC between cultures containing 5-6;x,106‘and 20 x 10 .

R

cells. This increase cannot bedennirely attributedrto lack of close '
cell contact at.low concentration of cells, as proposed,bv others (42), .
since -as, few as‘2fx 106 toad'cells'produce a;response*uhich is just
propbrtionally.lower.than;the'one obtained vithrlarger éoncentrations.
The logarithmic increase seems more likelv due to differences in the

A

numbe® of AFC—precursors which, being less numerous when the total num-

102

ber of cells in culture is’ 1ower, give rise to fewer effector cells. """""""""""""" .

' - The decrease in number of AFC, observed when the cell concentration

. was above the optimal- one, hag also been found in cultures of mouse

~

cells (42); it‘could be thevconsequence_of'cell~croWdingy thereby lea—'

s 7 B o e [ _
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ding to the aécumdlation'of toxic products. -
L] N - )

The use of cultures with- large numbers of B. marinus spleen cells does’
not. seem appropriate, due to the large variability of the results.

Since these toads bred randomly, and their spleen;qglls respond very o .
well in MLC (69), the suppression of the humoral response because of

\ '

an allogeneié effect (86) is potentially always possiblé.

The nature of'the_backgrohnd of bucteria-adherence colonies presentvin“‘

i

control cultures at day 5 has not been investigated. However it could.

" be due to some non-specific mitogens present in the culture medium,

- i

as also shown in other experiments involving PHA and MLC stimulation

in vifro of B. marinus spleen cells (69). ' _ - . éq

i . s \
] e .
~ 3
. , - .
' ° . .
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"reSponse reached a minimum in January has suggested that unresponsive—

CHAPTER VI.— GENERAL'DISCUSSION AND CONCLUSIONS

GENERAL DISCUSSION

o

. The goldfish and the marine toad have afforded the opportunity to in-

vestigatefsome as yet unexplored aspects of the humoral immune response

in lower Vertebrates.

In both species immuno-induction and antibody response could be studied
at t!: cellular and humoral level ~at different temperatures, antigen

dosa

v

& and durations. . ' .
A-charaeteristic unique to the immune system 1is the-specificity of the

v

reaction to a given antigenf This specificity has beenldemonstrated

to qualify the afferent‘branch ofvthe-immnne:system, in terms.of'reco- '
gnition of the antigen, as well as the efferent one which results in,
the production of specific immunoglobulins (11;5.7‘

In Homeotherms the surface kinetics following antigen—binding seems

to depend on the biological activity of the cell and. do not occur at -

<.

0° &4) Experiments on the temperature—dependenee of cap formation ~
in mouse cells (Fig. 7, Table IV) agree with the hypothesis that‘ at
this temperature the phospholipid bilayer of the membrane is in a gel
state (90) Few experiments conducted in hibernating ‘Mammals - have shown
'that immune responsiveness is Tost during hibernation when the body &kmih" Rl

temperature drops fromf37 to 4-6° (6). The finding that in these ani-

wmals kept at room temperature the intensity of the primary.immune,

. ness in hibernation can be due to a primary circennial depression of . -

- immunocompetenee (145). Nevertheless secondary factors like. suppression
. - - -~

pr—

by brown fat;ﬁdemonstrated in vitro (144), and rigidity of_the'membrane ) S

" 104



lower the temperature to which they are adapted (66

\ . i .
of immunocompetent cells could also contribute to the inhibition of

the immune response under natural conditions. o o

f v

In contrast, poikilothermic animals can mount an immune response- at

temperatures below 10° (130, 131 and the present work).

3
.

At the cellular leyel-the biological activity seems to be maintained

even at 00, as it appears from our'experiments on antigen—binding'and

cap formation. This latter reaction has‘not been studied in detail in

the marine toad, but‘numerOus cap—formingcmllshave been sedn - throu—
wf

gh\utqthe cell-separation exﬁg{iments reported in Chapt. IiI These

observations correlate with -the previous finding that the membrane phos—
 al

pholipids of Poikilotherms contain more unsaturat;d fatty acida the ‘\

, 151), thus mantai-

ning their fluidity This phenomenop Supports the fluid mosaic model

of the cell membrane according to which certain membrane—intrinsic

proteins, such as the immunoglobulins, are monomolecularly dispersed

in the phospholipid matrix, and binding of a _ligand would thermodyna—

mically favor the aggregation of the proteinbligand complexes (147).

‘\_‘

"While the experiments on suicide" (3) blastogenesis (93 and the pre;

sent work) and transfer of an adaptive secondary response - (QX) by ABC

\
have prov1ded concurring evidence that these cells are immunocompetent

and precursors of AFC, the s1gnificance of cap. formation after aﬁtigen—

receptor interaction remain unclear. Since it has been shown that Con~
cavalin~A" can inhibit antigen—induced capping but not the in vitro
immurne response of cells from mice deprived of T-cells (96), cap for-'

matiOn does not appear to be an essentiai step in immune induction.

.o

It is noteworthy that this phenomenon is present throughout the whole_

vertebrate phylum and therefore could be a ba51c regulatory mechanism

105

ok
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to remove from the cell surface the antigen which could otherwise ac-
cumulate and reach.toleranceeinducing leveils t46), or interfere_Withj
‘other ‘cellular functions. B , Lo o
The acclimatization'of‘r goldfish at 4°'seems to.have put in evidence
the effect of t?mpwrature on the regulatiOn of cellular functions beyond
the immune response. The number of. cells in the spleen and that of re- o -
ceptors on the ABC are both 1ower in cold—acclimated ‘than in warm-ac- R
climated fish. These differenees are expectable and seem to reflect
physiological adaptations to _severe environmental coaditions. The fact
‘that a similar difference was not significantly expressed in the hu—
moral immune response is probably due to the large variability in tespon—

: siveness observed in many species of Poikilotherms, e8peci 1ly when

théy are outbred (53), and this complicated the statiatical an lysis

of the results. s L
T S e . : - T

I3

The events occurring in Poikilotherms between immunizationJand the first
‘appearance of AFC had not been investigated previously. The availabi-.
lity of a tritium—labelled antigen, which under the light microscope
‘allows high enough resolution for an accurate localization of the anti- - o
“gen on the cells, has permitted the study at the cellular level of the | -
early processes of immine induction, before antibody production was

started. In mice the injection of POL induces blastogenesis of the ABC

- within 24 hrs (93), and these cells can initiate & primary immune responseyle
lin vitro (45) In goldfish‘and marine toads this antigen seems to induce |

‘a similar response, although with slower kinetics than in the mouse. 'u" o
'Cellrproliraration was evident»after 5 days_in-the fish and»after 3'days

. inifhe toad.'Since both animals were'kept at,22°,'the delay in'the res- - | _

ponse could be :ttributed to the ‘témpprature, which 1s lower than the
Ly EE S Ve ’ L /

’ t ~
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body temperature of the mousé. Yet this does not seem a satisfactory

‘explanation, at least as:much es the toad is concerned. In fact AFC

can be founi'in the mouse 2 days after immhnization (136), whereas they

are not detectable before 3 days in toads kept at 87 (91) Furthermore,

the in- igtro KFC response takes 6 days to peak for tpadbtells, butlonly. L
i‘\ . :
4 days for mouse cells (42), under the same conditions ' temperature

and culture system.‘The delay in’ immune induction observed in the two

species studied here seems to be an expression of their phylogenetic

L]

difference from the mouse:

.

v
\

The goldfish is the most primitive of the threerpecies discussed. The
'wide span of sedimentation ve10cities of ABC in normal fish suggestsv

that tﬁese cells‘do not form a uniform population of specialized cells,
as in toads or mice, but _may. represent different stages of - differen— v

tiation from the original,d!em cells.

The ABC found in the - spleen of tbe marine toad seemn- to reproduce the
o €

b‘intermediate stage of evolution of’this ‘animal. Their 8ize distribu-'

tion tend/‘to coincide with th of the ABC found in mouse spleen (93)
/

v but, as:suggested by. okhers ‘l), fhey seem to"follow a different path—

"way of differentiation’into AF% invotg%:# a series of halving divisions ,v'

wifhout intermediate growtﬁf ) _ e

develepment of AFC is not a closed system limited to the spieen, but :

[

Our:data suggest also- that ABC migrate from the qpleen l[and 2 days Cg

-

after antigenic stimulation/’This latter characteristic %eems common

to both fish and toads and grobably means that in these two species the

finvolves also the blood In)faot high numbers of AFC are found tn the

>

/

N

1.

blood of toads, where they appear eben sooner than in the spleen (91),

) ! = ,“ N E R L_

<§hile it is well known that these cells are almost absent in the blood
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of Mammals. Both fish And toads Tﬁ”ﬁ/; good system of peripheral lymph
nodes, and ,their blood seems to eompenaate for: this deficiency._"

One of the aims of the present stud ‘was to bring som clarit in the
y 4

,controversy about the presence of immune anamnesis in Amphibia (53)

The capacity of marine toads to produce a secondary response, as well

as the regulatory effect on it of the antigen dose, seems to have been |

demonstrated here. The results obtained with doses of P%L below 0.1 pg

-

are in agreemen:;Zith those observed in the margate Haemflon album (28)

B and in the lizar Qphisaurus apodus (5) in the sense that a second

ot

»

injection of the same dose. of antigen given when the Primary response '

\
has declined induces faster and higher titers of antibody thsn the

priming immunization In contrast, repeated injections of SRC seem to.

induce a response which is- faster but not stronger than the primary
e &

one, Since similar results have been obtained in the midwife toad Alz -

thes obstetricans, 1t appears that ‘the. amphibians have some deficiency

in the response to cellular antigens, perhaps due to the fact that in o

these animals the thymus involutes after metamorphosis (53), a conclu-

X Y
'

sion which at present is totally speculative.f

A characteristic previously not observed in Poikilotherms is the cyclic

l

response of B. marinus to the: injection of a~high dzre of POL In those

Mammals -1n which this type *of response hasgbézh obs rved it has been

) .
attributed to the persistence of the antigen (19, 133) This seems 'to
o() - :

; 1 t t t -
be also the case, in toads; as it is sugges ed by he in vi ro experi

ment in which‘a sedond peak ‘of AFC was obtained when.the medium in the '

o

cultures was renewed without further addition of antigen (Fig. 39)

A difference between the toad and Mammals could be fOund in the longer

period of the cyclic fluctuation of the response in this amphibian.;Asi'

|

-

- ) _ . _ -
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e

. ) : o . .’\ . .
mentioned above, this poikﬂlotherm seems’ to have an immune response

slower than in Mammals, both in vivo and in vitro. This‘difference -

\

was also demonstrated by the slow catsbolic rate of passively admini- o

=~

- stered 1mmunoglobulins, wh1ch.in toads have_a half—liie’of 12 days at '.
K T S T S
379, while in/yammals it oscillates between 4,days in the mouse and

.6 days in the rabbit (149). . - g

. ’ 4 ) ' N ‘ © ' ) ‘(4'.;;-\A "r..
QONCLUSIONS e - { -
: This study of the &ifferent phases of the humoral immune response in

Vtwo species of Poikilotherms ‘has shown that a basic pattern characte-

.

'rizes-the'response and appears to be ‘common to all'Vertebrates. In ad-

\

v'd1tion, Poikilotherms have the capacity to respond immunologically unjﬁ

der a Wlde ‘range of temperatures, and their reactivity is r7mproved by

S

previous, gradual atclimatization to the wanted temper rure’,
The acclimatization of goldfish at 4 " has allowed the demonstration

of 1mmune responsiveness at that temperature, at which hibernating
- Mammals do not respond, ‘ . o M
,After"éntigen—receptor\sites interaction kand.cap'formation)mthe immu-

. ; ! . -
no~ competent cells of both goldfish and toads undergo proliferatlon '

’

and migrate from the spleen, probably into the circulatory system.

,In vivo studies of the primary and secondary response in marine toads

e N . - .

have shown that both the antigen5used, POL and SRC,care good‘immunogens,
3 | ‘ ;

even‘though'POL appears preferablefbecause‘it indECes 'better primary

”and secondary responses. In the toad the secondary response can be

B

'demonstrated by modulating the antigen dose, since 1arge doses tend

.
o

.to induce a high response which scannot be further stlmulated in a secon-

Pdary:fashlon.‘ln this animal the secondary response is characterized

o -

—_—_—
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by the faster appearence of higher titers of antibody, but not by the

secretion of 2-ME¢resistant imﬁhnogldbulins. The cyclic appehrance of

peak~titers of antibody after a Single high dose-of POL seems to depend, .

among other kgctbrg,.oﬂ the rate of catabolization of the circulating
"immunoglobulins, whicﬁ 18 slower than in Mammal?. In both fish and

toads thihimmune response 1is charaéterized by kinetics which are slowéer

& 4

than in higher qutebrétes.

A new épprdachatb the investiga;ibh of immune reactivity in Amphibians

e

has been initiated by the induction of a primary immune response in

- .. vitro in suspensioné of diébersed spleen cells»usinglg soluble protein

antigen. ‘ _ » . o
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