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Chapter 1

T il i el

GENERAL _INTRODUCTION

Current concepts in immunoloqy

The bodies of all animals need a defence mechanism to
prevent invasion by pathogens and this requires the capacity
to recognise self and non-self, 8o that no damage to self
tissues occurs, In its less sophisticated form there is a
fairly non-specific recognition of sglf or invading organisms,
particularly microorganisms, which results in phagocytosis,
encapsulation or the production of var:léus ‘soluble substances
such as bacterial lysins (Manning, & Turner, 1976). The
main effector cells of phagocytosis and intracellular
destfuct:lon are the macrophages and polymorphonuclear
leucocytes in vertebrates, or amoebocytes/coelomocytes in
invertebrates. Metchnikoff (1905) was the first to study these
phagocytic cells in a systematic way, using a wide variety
of animal species from simple multicellular organisms to
mamlé. In all cases cells were seen to migrate to the
sites of injury or infection, followed by ingestion of any
invading material. These cells do not carry intrinsic
receptors with the structural characteristics necessary for
antigen recognition, yet play a very :I.'mportant role in

defence of the body (Rowley, 1962, 1966).

In vertebrates, however, it has been known since the
work of Behring and Kitasato (1890) with diphtheria and
~ tetanus, that specific protection cani be obtained, Nowadays
it is realised that two broad categories of this specific
mechanism can be distinguished operationally. 1In one case,

the ability to respond immunologically can be conferred



upon an animal that has been challenged by a foreign antigen
merely by transfer of blood éerum from an immune animal,

This type of reaction is called humoral immunity and is
detected by the presence of specific antibodies in the serum,
The second type of immune response can be conferred upon an
animal by transfer of living cells, but not by immune serum,
and is called cell-mediated immunity, The cells of central
importance for both of these types of immune response wvere
established, largely by the work of Gowans and his co-workers
(Gowans, 1962y Gowans, McGregor, Cowen & Ford, 1962
McGregor & Gowans, 1963), to be lymphocytes. + Upon antigenic
stinﬁlatioh a distinct subpopulation of precursor lymphocytes
can be shown to develop into plasma cells, whicﬁ are known to

produce and secrete antibody (Fagraeus, 1948). Lymphocytes

have also been shown to be present in the infiltrate of
skin grafts in the process of rejection,

The immune system of vertebrates is also characterized
by memory and diversity. This adaptive immune response
provides a more effective defence in that appropriate
immunological cells combat the particular agents infecting
the body at any one time. Specific antibodies can also
greatly enhance the disposal of antigen by facilitating its
adherence to phagocytic cells, an effect called opsonization
by Wright and Douglas (1903), as can complement, once
activated by antigen-antibody complexes. These responses
‘seem to be superimposed on the more phylogenetically ancient
defences, increasing the efficiency of the non-specific

{mmune system to a considerable extent,




This relatively simplistic view of the immune response
has been drastically refined in the last fifteen years, It
was noted that in children suffering from immunological
deficiency disorders there was usually a thymic abnormality
(Good, Dalmasso, Martinez, Archer, Plerce & Papermaster,
1962). This was soon clarified by Miller and his colleagues
(Miller, Dukor, Grant, Sinclair & Sacquet, 19673- Miller,
Mitchell & Weiss, 1967) who showed that thymectomy in mice
at birth caused a decrease in the number of circulating
lymphocytes, severe impairment of graft rejection and

"in vitro manifestations of cellular immunity, .2and a reduced

humoral antibody response to some but not all antigens,

Normal responsiveness could be restored by an injection of
“ thoracic duct cells from an unoperated donor (Miller,
mtchéll & Weiss, 1967). Further, if adult mice were
X~-irradiated, which destroys the ability of lymphocytes to
divide, bone-marrow cell reconstitution restored their
1ﬁununological responsiveness, However, if they were thymec-
tomized before irradiation they were similar to neonatally
thymectomized mice even after bone marrow reconstitution,
It was concluded that precursor cells from the bone marrow
migrate to the thymus (a primary lymphoid organ) where they
differentiate into thymus-~derived lymphocytes, T cells.

These T cells do not synthesize antibody but divide, after
contact with antigen, and differentiate into cells capable

- of destroying tumours or allografts (killerlcells), or into
cells able to collaborate in the production of antibody to

a variety of antigens (helper cells), The effect of T cells




upon antibody production can also be suppressive, Following
antigen stimulation they develop into large lymphocytes

but not plasma cells (Sell & Gell, 1965). Lastly, they have
also been found to liberate a variety of non-immunoglobulin
factors, lymphokines, which are released specifically but
which react in a non-specific way on other cells., Such
lymphokines include macrophage migration inhibition factor
(MIF), interferon, lymphotoxin, vascular permeability factors |
aﬁd blastogenic factors (Bloom, 1971y David & David, 1972).

Glick, Chang and Jaap (1956) were the first to show that
in birds the bursa of Fabricius had a role in antibody
production, It has since been found that hormonal bursectomy
in ovo, or surgical bursectomy at hatching, particularly
when combined with sublethal X-irradiation, has a marked
suppressive effect on the ability of the chicken to produce
specific antibodies, but without affecting cell-mediated
responses (Cooper, Peterson, South & Good, 1966;' Alm &
Peterson, 1969),., It is now generally agreed that the popula-
tion of cells responsible for antibody biosynthesis is a thymus-
independent population,

Present evidence suggests that both T and B cells possess
qpecifié receptors for antigen but that their specificity is
clonally restricted (Wigzell, 1970). The clonal selection
theory postulates that individual immunocompetent cells are
committed beforeJtheir initiai contact with antigen to

respond to a limited range of antigenic specificities and that

this commitment is expressed by the existence of cell surface

antigen-binding receptors of single specificity (Burnet, 1957).



Some antigens such as flagellin polymer can elicit
antibody production when only B cells are present, however
the situation with many other antigens is more conplex,
requiring interaction between T and B cells for a full anti-
body .response, In irradiated, thymectomized mice reconstitu-
tion with either thymus cells or bone marrow cells elicits
only weak responses to such antigens. When both cell types
are given a normal response is obtained (Miller & Mitchell,
1968y Mitchell & Miller, 19683 Nossal, Cunningham,
Mitchell & Miller, 1968), but not if the thymus cells were
sonicated or irradiated (Claman, Chaperon & Selner, 1968).
In vitro experiments were more difficult to accomplish, but
Doria, Martinozzi, Agarossi and Di Pietro (1970) have shown
that spleen cells from neonatally or adult thymectomized,
irradiated bone marrow chimeras could be restored, by the
addition of normal syngeneic thymus cells, to respond to
sheep erythrocytes (SRBC's) in vitro. More recently
échirqp]. and Wecker (1971) showed that thymocytes from
cortisone-treated syngeneic donors could restore the primary
in vitro anti-SRBC response of anti-€& serum-treated mouse spleen
cells. The T cell component appears to become optimally
functional after it has peripheralized to secondary lymphoid
organs and undergone specific antigenic stimulation. So
in general to obtain optimal restoration of in vitro

anti-SRBC responses, thymus cells needed to be injected into

the irradiated 'recipients with SRBC's, to "educate" the T

cells (Chan, Mishell & Mitchell, 19703y Hartman, 1970).

The thymus derived lymphocytes act in a specific way as




b
"helper" cells, allowing B crlls to real:ze their full
specific antibody forming potentiel,

The effect of T cells is also seen on the type of
immunoglobulin molecule produced. T-independent antigens
usually induce only IgM antibody responses, whereas with
T-dePendent antigens there is a switch from IgM to IgG
antibody production. However it has recently been shown
that eppropriate T-independent antigens can induce IgY
(IgRAA) as well as IgM antibody in Xenopus laevis
(Manning & Jurd, 1981).' Nevertheless, there is increasing
evidence that the switch from IgM to IgG is largely depen-
dent on the regulatory effect of appropriately activated
T cells. The evolutionary advantages of such a mechanism are
readily apoarent. Since the two lymphocyte types are
specific, and need to be activated by antigen for antibody
synthesis by B cells to develop optimally, important control
mechanisms concerning antigen recognition and tolerization
should have evolved primarily in the T cell population.

" Antigen induced unresponsiveness, Or tolerance, can '
result from either induced suppression of B cells by T
cells or from clonal deletion. Taylor (L968, 1969) showed
that T cells of mice made tolerant to bovine serum albumin
were unable to co-operate with normal B cells in an
adoptive transfer system in irradiated recipients. Miller
and Mitchell (1970) induced tolerance to SRBC in mice with
cyclophosphamide and observed that recirculating T cells
in the thoracic duct lymph (but not the thymus) were
specifically tolerant. Chiller, Habicht and Weigle (1970)

found that tolerance existed in both B and T cells of mice




rendered tolerant by a single injection of deaggregated
human gamma globulin. So both T and B lymphocytes are
susceptible to tolerance induction, but the sﬁaceptibilities
of these two lymphocyte classes differ considerably in both
the dose of tolerogen and the time required for tolerance
induction. The duration of tolerance is significantly

less in B cells than in T cells and the immunological status
of the whole animal reflects that of the T cell population
in the caSe of a T-dependent antigen. These complex inter-
actions have received several extensive reviews (Katz &

Benacerraf, 1972y Katz, 1977).

The co-operation of T and B cells was initilally thought
of as a simple bridging between T cells and B cells, to provide
a stimmlua to the latter by concentrating antigen. However,
evidence was soon discovered that responses to T-dependent
antigens were to a large extent also macrophage-~dependent.
It was known a few yvears before the realisation of T and B
cell co-operation that macrophages were a necessary component
before 1ymp1iocytes would produce antibody (Fishman, 1961;
F:I.s'hman & Adler, 19633y Mosier, 1967). Animals injected
with antigen, bound to live macrqphages, developed satisfactory
cell-mediated immunity (Unanue & Feldman, 1971). .Animals.
1njectedﬂwith.macrqphages that had been exposed to antigen
gave better secondary responses than animals given

equivalent amounts of antigen (Mitchison, 1969). Lastly,
macrophages that had been reacted with lysed SRBC's,

washed and mixed with thoracic duct lymphocytes, conferred
an ability on such lymphocytes to bring about a response




to SRBC's, Macrophage-free preparations injected into
irradiated hosts produced antibodies within a few days
(Ford, Gowans & McCullagh, 1966), No antibody was detected
1f the macrophage stage was omitted, Thymectomized animals
did not respond to antigen bound to live macrophages (Unanue,
1970)., Similarly, X-irradiated or immunologically tolerant
recipients did not respond (Mitchison, 1969) even though
macrophages from tolerant animals handle immunogens nor-
mally (Humphrey & Frank, 1967). Clearly macrophages were
unable to synthesize antibody in these experiments. Indeed,
tolerance was shown not to be associated with macrophage
dysfunction, In fact tolerance such as seen in "higﬁ dose"
tolerance, may result from direct interaction of excess
antigen with lymphocytes, whereas to elicit a positive
immune response the antigen must first be processed by
macrophages.

The regulation of lymphocyte functions by macrophages
has recently been reviewed by Unanue (1978). The main
interrelationships within the lymphoid system and between
the lymphoid system and the phagocytic system are summarized
in Figure 1. Obviously with such a complex system it is
difficult to isolate and work on the various components,
Simpler antigen-~specific systems which reflect those of
higher animals have been sought, and their phylogenetic

relationships postulated.

Phylogenetic perspectives

Current concepts of immunity are largely based on

studies in homoiotherms, birds and mammals. At lower levels



Figure 1.

Diagram of the main interrelationships within the mammalian
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of phylogeny these mechanisms may be easier to understand
and separate out.

Specific cell-mediated immunity arose early in evoiu-
tion, particularly striking in the graft reactions of
coelenterates (Hildemann, Raison, Cheung, Hull, Akaka &
Okamoto, 1977) and annelids (Cooper, 1€69, 1971), but the
appearance of immunoglobulins was a vertebrate innovation.
Thus, the basic phenomenon of vertebrate immunity exists
at the level of the cyclostomes (Pollara, Finstad & Good,
1966) and appears to be correlated with the eg;liest
appearance of definitive lymphoid tissue (Good & Papermaster,
1964; Papermaster, Condie, Finstad & Good, 1964). However,
agnathans lack plasma cells. A well organised thymus
and spleen, as well as kidney-associated lymphoid aggregates,
appear at the levels of Chondrichthyes and Osteichthyes,
and the immunocompetence of these fish has been clearly
demonstrated (Hildemann, 1958; Clem & Sigel, 1963; Sigel &
Clem, 1©66; Ridgway, Hodgins & Klontz, 1966; Botham,

Grace & Manning, 1980). Plasma cells have also been found

in advanced elasmobranchs and in chondrostean and teleost
fishes (Finstad, Papermaster & Good, 1964; Clawson,

Finstad & Good, 1966; Good, Finstad, Pollara & Gabrielsen,
1966) . However, only IgMLantibodies, composed of light
chains and p-type heavy chains, have been conclusively

fouhd in fish (Marchalonis, 1971b). They occur predominantly
as high molecular weight tetramers in teleosts (Shelton &
Smith, 1970) although low molecular weight, monomer, IgM

does exist 1n some species. A low molecular weight non-IgM

antibody of the 1gY (IgR&a) class and primitive lympho-
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myeloid nodes first appear in the Amphibia and may have arisen

in relation to life on land (Manning & Turner, 1976).
Urodeles only possess IgM (Marchalonis & Cohen, 1973)
whereas anurans have both 1IgM and IgraA (Marchalonis,
1971a). Further, urodeles lack lymph-node like structures
and many lack lymphopoietic bone marrow and gut-associated
lymphoid tissue which are all present in advanced anurans,
Nevertheless, Ruben, Van der Hoven and Dutton (1973) have
shown that antibody production in the newt involves two or
more cell populations and a similar helper activity has been
seen in anurans (Ruben, 1975). So the mechanisms of cell
collaboration are present at the level of primitive amphibians,
Hapten-carrier phenomena have also been shown to occur in
fish. However, as yet there is no evidence that these
functions are performed by separate cell lines. A dichotomy
of the lymphocyte population into T and B cells has been
demonstrated in anuran amphibians (Manning, Donnelly &
Cohen, 1976) . Whether a complete structural and functional
dichotomy of T and B cells first occurs at the level of
adult anurans, or whether it is present throughout the
vertebrates is not known.

Fish are of particular interest in this respect

especially since intensive fish culture brings with it the
need to prevent and combat disease outbreaks, Vaccines are

as yet a new phenomenon to fish farmers and the need to
understand the i mmune capabilities of fish is becoming very

important at both the commercial and academic levels.,
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The effect of a vaccine can be more fully assessed with
increasing knowledge of the animals' immune capabilities.

As with all poikilotherms, the immune capabilities of
teleosts are temperature dependent (Cushing, 1942g Bisset,
1948y Hildemann & Cooper, 1963y Avtalion, 1969a). Never=
theless, at a constant temperature both humoral and cell-
mediated responses exhibit typical anamnestic responses
(Hildemann, 1958 Avtalion, 1969); Tru@p& Hildemann,
19703 Van Muiswinkel, Rijkers & Van Oosterom, 1978).

The lymphoid organs of fish have been well studied.
Lymph nodes are lacking and there is little, if any, bone
marrow. The head kidney (pronephros) is of importance as a
lymphoid and haemopoietic organ. Antibody producing cells
can be detected here and in the spleen using the haemolytic
plaque technique (Smith, Potter & Merchant, 1967y Chiller,
Hodgins & Weiser, 19693 Rijkers & Van Muiswinkel, 1977);
the rosette test (Chille;,:Hodgina, Chambers & Weiser, 1969)
or by immunofluorescence (Ortiz-Muniz & Sigel, 1971p
Emmrich, Richter & Ambrosius, 1975). Indeed, even the thymus
has been shown to contain antibody producing cells in some
investigations (Ortiz-?-mniz & Sigel, 19713 Emmrich, Richter
& Ambrosius, 1975p Sailendri & Muthukkaruppan, 1975a). A
lymphoid cell population has been seen in the intestine
of some fish (Weinberg, 1975p Davina, Ri jkers, Rombout,
Timmermans & Van Muiswinkel, 1980), again with associated

antibody containing cells.
The production of serum antibodies in fish is well

documented, with many studies on agglutinating antibodies



(Krantz, Reddecliff & Heist, 1963y Spence, Fryer & Pilcher,
1965y Post, 19663 Hodgins, Weiser & Ridgway, 1967p
Trump, 1970p Harris, 1973)p precipitating antibodies
(Everhart & Shefner, 19663 Everhart, 1972y Harris, 1973)
and virus neutralizing antibodies (Uhr, Finkelstein &
Franklin, 19623 Sigel & Clem, 19653 Vestergard Jgrgensen,
1973; O'Neill, 1978, 1979). Antibodies have also been
found in the mucus of fish (Fletcher & Grant, 1969).
cell-mediated immunity, such as delayed hypersensitivity
and allograft rejection, have also been investigated, A
positive delayed corneal reaction to PPD has iaeen demone
strated in rainbow trout one month after they were immunized
with complete Freund®s adjuvant (Ridgway, Hodgins & Klontz,
1966) ., Macrophage migration inhibition, as an in vitro test
for measuring cell-mediated immunity, has been reported by
several authors. Similarly, several papers have shown a
positive mixed leucocyte reaction (Ellis, 19773 Etlinger,
Hodgins & Chiller, 1977) with stimulation indices in carp
as high as those in mammals (Ambrosius, personal communication).
Many studies of scale transplantation (Hildemann, 1958g
Hildemann & Haas, 19603 Sailendri, 1973 Rijkers &
van Muiswinkel, 1977): skin transplantation (Botham, Grace

& Manning, 1980) or even whole fin transplantation

(Kallman & Gordon, 1958), have also been carried out,

The observed graft rejection was similar to that observed
in mammals in that lymphocyte invasion commenced soon after
grafting, breakdown of the dermal layer of the graft was

seen after peak invasion, and melanin pigmentation was

progressively lost from the graft, Complete rejection is
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assessed by the absence of melanin pigmentation from the
graft., There are several reviews of these humoral and cell-
medjiated responses in fish (Ridgway, Hodgins & Klontz,

1966 Cushing, 1970, Corbel, 19753 Ellis, 1978).

Lymphocyte heterogeneity, using mitogenic responses,
have been demonstrated in fish (Etlinger, Hodgins & Chiller,
1976a). So has the co-operation of two cell populations in
response to hapten~carrier systems, showing the presence
of a helper population of cells and an antibody producing
population (Avtalion, Weiss, Moalem & Milgrom, 1973;

Stolen & Makela, 1975p Yocum, Cuchens & Clem, 1975;

Cuchens, McLean &.Clem. 1976) . However, the necessary
experiments have not yet been performed to demonstrate
whether the carrier-dependent population is thymus-dependent.
The teleost thymus would seem to be an especially good
subject for experimental manipulation and study in connec-
tion with its role in the ontogeny of the immune response.

The development of the thymus in fish has been described
by several authors (Beard, 1894y Deanesly, 1927-28;

Lele, 1933a,by Hafter, 1952), and the sequence of histogenesis
in relation to the other lymphoid organs has also been
investigated (éailendri, 19733 Grace & Manning, 1980).

It has been suggested to be a central lymphoid organ (Ellis,
1978), where the traffic of lymphocytes is only outwards

(El1lis & De Sousa, 1974). No phagocytosis of carbon is
seen to occur in the thymus (Ellis, Munroe & Roberts, 1976),

nor has antigen been detected using fluorescein-labelled

antibodies (Ellis, 1974, 1980; Secombes & Manning, 1980).
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However, surface immunoglobulin has been demonstrated on
fish thymocytes (Ellis & Parkhouse, 1975; Fiebig &
Ambrosius, 1976; Ellis, 1977) and antibody producing cells
can be detected in the thymus of certain species. Although
some investigators have shown that rabbit antisera to a

fish IgM can react with non-immunoglobulin, carbohydrate
determinants on the membrane of fish thymus lymphocytes
(Yamaga, Kubo & Etliﬁger, 1978), placing some doubt on
cytofluorescent observations which indicate thymocytes

bear surface immunoglobulin, such observations do not

refute physicochemical evidence of immunoglobulin molecules
isolated from fish thymocytes using anti-1gM antisera
(Warr, Deluca & Marchalonis, 1980). 1In view of the need to
resolve such basic questions it is surprising that thymectomy
has been described in only one investigation (Sailendri,
1973) . Removal of the only other accessible lympholid organ,
the spleen, seems to have either enhancing or diminishing'
effects upon antibody production depending upon the species *
investigated (Ferren, 19673 Yu, Sarot, Filazzola &
Perlmutter, 1970).

Other basic immune phenomena, such as the time of onset
of immunocompetence, the induction of tolerance, where and
how antigen interacts with the immune system and the
recirculation of lymphocytes, are areas of researchvirtually
untouched in fish.,

The present study has been made to elucidate some of
these basic phenomena, to advance our knowledge in these

areas both from a phylogenetic viewpoint and in terms of the

commercial interests in vaccine development,



Chapter 2

GENERAL METHODS

This Chapter describes the animals, the general techniques

for immunization and for the collection of blood samples,

and animal care, More specialized techniques are described

in the relevant subsequent Chapters,

Animals
(a) Carp

Mirror carp, Cyprinus carpio L, were obtained froﬁ
Humberside Fisheries, Skerne, Humberside, U.K. They were
kept in tanks containing well aerated, standing (dechlorinated)
water at 22°c + 1°c. Aeration was found to be critical. A
light regime of 12 h 1light and 12 h dark was used. These
fish hatched 2 days from spawning and were fed on brine
shrimp, Artemia nauplii ‘(San Francisco Bay Brand), supple-
mented with vitamins, for the first 12 days after hatching.
They were collected from the fish hatchery and brought to
the laboratory as soon as dry food feeding commenced.

Table I gives the age from hatching, with the average
veight and length of the groups used up to week 8. The
youngest group was staged according to Balinsky's Normal
Table for cyprinid fish (1948). Due to limited aquarium
facilities it was decided to restrict experimental animals
to a maximum length of 159 rmm.

Carp less than 12 weeks of age were fed 6 days a week
on aquarian fish flakes (Thomas's, Halifax, West Yorkshire,
U.K.). Older animals were fed on Mainstream Trout Diets

Grower Pellets size 4 (BP Nutrition, Stepfield, U.K.),




Age from
hatching

2 weeks
4 weeks

8 weeks

Stage

41

16

TABLE I

qght and lenath of

Average
Weight (g)

0.03
0.12

0.55

TABLE 1II

a

Average length not
including the tail (mm)

12
17
26

see plate 1

see plate 2

Average weight and length of rainbow trout fry

Age from
hatching

day

week

weeks

weeks

o &» W N +~ M

12 weeks

Stage

30

35
36

Average
Weight (g)

0.08
0.08
0.10
0.13
0.21
0.24
1,48
2,47

Average length not
including the tail (mm)

15
19
21
25
25
31
48
57

see plate 3

see plate 4




2 to 3 times a8 week., Young animals were cleaned twice a
week, whereas larger animals were cleaned the day following
feeding. Carp are usually sexually mature by one year.
(b} Rainbow trout

Rainbow trout, Salmo gairdneri Rich. 1836, were obtained
from Costa Fisheries, Yorkshire Water Authority, Pickering,
Yorkshire, U.K., @ furunculosis free fish farm. Eyed ova
were Xkept on grids in running dechlorinated tap water, at
14°c. They were sorted twice a day to remove dead eggs
(dead eggs turn white due to fungal attack and are removed
to prevent fungus attacking the live eggs). The eggs
hatched 15 days from spawning. On hatching the fry were
transferred to well aerated, dechlorinated water tanks.
Feeding did not commence until 14 days after hatching, when
the fry were fed'3 times daily on Mainstream Trout Diets
Fry Pellets size 01 (BP Nutrition, Stepfield, U.K.).
The light regime was the same as for carp and the fry were
cleaned 3 times a week. The water temperature was slowly
raised during this time to 17°c, due to the lack of running
water facilities. Growth of. these fry was as good, or
better, than on the fish farm. However, after 4 months
the fry became limited by the size of the tanks and deaths
becﬁme1more frequent. So fish reared from eggs were only
" kept up to this time. Table II shows the weights and lengths
of the fry used. When the trout hatch they have 2 very
large yolk sac (Plate 3) and are similar to stage 30 of
Vernier®s Normal Table for trout (1969). The yolk sac is

resorbed during the first two weeks to give a stage 36 animal,
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and relatively little weight is put on until feeding is

well under way.

Larger trout were purchased as required and kept in
dustbins of aerated, dechlorinated water. They were fed
twice a week on Mainstream Trout Diets Grower Pellets
sizg 4 as for the carp, and cleaned out the following
day.

Immunization
(a) Route

l. Young fish

Young carp are extremely small and difficult to inject.
The intraperitoneal route was thought to be the best route
for immunization owing to the relatively large size of the
peritoneal cavity. After anaesthetization in MS222
(tricaine methanesulphonate, Sandoz, Basle, Switzerland),
at a concentration of 0.125 g/1, the fish were injected

with a 30 gauge sterile needle, mounted on an Agla micro-

meter syringe (Wellcome, Beckenham, U.K.). A volume of
10 p1/g fish was the maximum quantity that could be
injected.

In trout, the large yolk sac of the fry (Plates 3 and
4) makes immunization via the intraperitoneal route imprac-
tical ,. and in the case of trout the intramuscular route
was used., Fish were araesthetized and injected as for carp,

under a binocular microscope with a x10 objective,
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Figure 2
Route used to immunize rainbow trout fry

Dorsal Aorta

Yolk sac | \\\

2. Adult fish

All injections into adult fish were carried out with a
25 gauge sterile needle attached to a 1 ml sterile syringe.
In general large carp required no anaesthetic, whereas all
trout had to be anaesthetized, to pfevent them from making
sudden movements, )

For intraperitoneal injections the needle was inserted
at the posterior edge of the pelvic fin and passed into
the abdominal cavity. Again a volume of 10 ul/g fish was
considered to be the maximum quantity that could be injected.

For intramuscular injections the needle was inserted
intoithe dorsal muscles flanking the dorsal fin. The area
was massaged immediately the needle was withdrawn to try to
minimise leakage from the site of injection. However,
even in the largest fish 0,1 ml was the largest volume
used because too much antigen escaped with larger volumeé.

If Freund®’s complete adjuvant (FCA) (Difco, Detroit,

USA) was used with either of the above routes the antigen
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solution was first made up to twice the required concentra-
tion in 0.854 saline. It could then be emulsified in an
equal volume of FCA to give the desired final concentration.
The intravenous route was used only in the largest
fish. Here the needle was inserted into the caudal vein,

just posterior to the ventral fin. A little blood was

withdrawn to ensure the vein had been located, followed by

injection of the test material.

Hyperosmotic vaccination (HI) of fish was carried out
according to the 2-step method of Amend and Fender (1976).
Here the carp were initially placed in a 5.23% salt solution

for 2 minutes before being placed in the antigen solution for 30

seconds. The fish are then quickly placed into well

aerated standing tap water,

(b) Bleeding

l. Younqg fish

Bleeding of small fish, less than 3 g, was performed
with a drawn out Pasteur pipette. The animals were first

killed in MS222 (1 g/1) and dried with tissue to prevent

contamination of the blood sample. The caudal vein was

then punctured immediately behind the ventral fin and blood
was drawn up by capillary action. This method was found to
vield more blood than by simply cutting the tail. Neverthe-
less, individual fish gave only small quantities of blood,

so the blood from 10 fish was usually pooled in approximately
equal quantities.




2. Adult fish

Larger fish were bled from the caudal vein. Blood was
collected using h sterile 25 gauge needle mounted on a 1l ml
sterile syringe, &As for immunization, trout had to be
anaesthetized beforehand whereas carp did not. The serum
obtained was enough to assay the fish individually and
bleedings at weekly intervals were possible provided the
quantity of blood removed was kept to the minimum required.
Approximately 0.2 ml of blood was needed for an agglutination
test.

With all samples the blood was allowed to clot over-
night at 4°c for clot retraction, and the serum was removed
the following day after centrifugation of the blood sample.
A drawn out Pasteur pipette was necessary to recover the
maximal volume of serum after centrifugation when only
small samples of blood were available,

Treatment of Diseases

Diseases such as white spot, fungus and fin rot,
occurred occasionally. Wwhite spot, caused by the‘protozoah
Ichthyophthirius multifiliis, was the most common and mortalie
ties were high if young fish became heavily infected. 1If
caught at an early stage treatment with methylene blue, as

set out by Van Duijn (1967) was usually successful. This

involved adding 2 ml of a 0.1% stock solution to every
10 1 of water, Fish were kept in this solution for 2 days.
In extreme cases the quantity of methylene blue was doubled

or the fish were first put into a solution of 0,001%

potassium permanganate and 0.7% saline for 1 h.
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Fin rot, a bacterial disease, was relatively rare and
when it occurred@ was treated with phenoxethol, Fish were
immersed for 3 days in a solution containing 10 ml of a
14 v/v stock solution, in every litre of water.

‘Fungus infections, caused by many kinds of moulds of
the Family Saprolegniaceae; were also relatively rare and
were usually preceded by injury. Treatment consisted of
immersing the infected fish in a tank containing 13 mg
- oxytetracycline dihydrate/l1 for 2 days.' The tank had to

be aerated as this substance has toxic effects.



Chapter 3
HISTOLOGICAL CHANGES IN LYMPHOID ORGANS
FOLLOWING INJECTION OF SOLUBLE OR
PARTICULATE ANTIGENS

In homoiotherms the lymphatic nodules of the spleen,
the cortex of the lymph nodes and the Peyer's patches of the
intestine have a characteristic histologic picture. There
1s an aggregated zone of large péle-staining cells and a
zone of dark-staining, tightly packed cells, consisting
mostly of small and medium sized lymphocytes. The former
zone was tefmed "Keimzentrum", or germinal centre, by
Flemming in 1885, who considered the area to be actively
forming lymphocytes due to its high mitotic activity.
Ringertz and Adamson (1950) supported the idea that the role
of these centres in animals exposed to antigens was indeed
germinal, but not lymphocytopoietic. They suggested the
role of germinal centres was to produce immature lymphocytes
which, upon antigenic stimulation, became‘converted into
antibody-producing plasma cells. This, combined with the
failure of isotope labelling studies (Fliedner, Kesse,
Cronkite & Robertson, 1964) to support the 1ymphocyt0poietic
function of germinal centres as proposed by Flemming, made
the concept of germinal centres as areas of immunologic
activity the major theorvy.

Studies involving antigenic stimulation, following

immunization or skin grafting, revealed marked changes
occurring in germinal centres, and even the formation of new

germinal centres in response to strong antigenic stimulation

(Ringertz & Adamson, 1950: Congdon & Mekinodan, 1961;
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Thorbecke & Hurlimann, 1965; Simar, Betz & Lejeune, 19673
White, French & Stark, 1967). Using the stain methyl
green-pyronin, which stains nucleic acids, histological
studies have shown that plasma cell formation and maturation
begins in the white pulp. Plasma cells and their precursors
are very pyroninophilic (Opstad, 1959), showing brilliant
red cytoplasm and dark blue nuclei when stained with
methyl green-~pyronin., This is due to the presence of a well
developed endoplasmicC reticulum, polyribosomes, and a high
incidence of mitotic activity (Hanna, Swartzendruber &
Congdon, 19673 Johnson, Jacobs, Abrams & Merritt, 1967).
Initially large pyroninophilic cells appear in the peri-
arteriolar sheaths, They accumilate at the border of red
and white pulp whilst assuming the appearance of :I.mrriature
plasma cells (Hanna et al., 1967y Simic & Petrovic, 1967).
At later stages the red pulp contains considerable numbers
of plasma cells, whilét some of the large pyroninophilic
cells have migrated back into the germinal centres. The use
of adjuvant seems to greatly magnify these effects (Wargd,
Johnson & Abell, 1959y Langevoort, Asofsky, Jacobson,
DeVries & Thorbecke, 1963), but often causes great distor-

tion of germinal centre architecture (Balfour & Humphrey,

Antibody forming cells can also be demonstrated in
germinal centres, using immunofluorescent or localised

haemolytic techniques (Ortega & Mellors, 1957; Burtin &

Buffe, 1967y Young & Friedman, 1967; Berenbaum & Stringer,

1970), especially after seéondary stimilation (Coons, Leduc &



Connolly, 1955y White, 1958, 1963y Mellors & Korngold,

1663) . However, not all of the imun’oglobulin appears to be
intracellular, some could be detected in a reticular fashion
at the level of dendritic expansions from macrophages,
throughout the whole centre, This and the fact that the
immunoglobulins present in germinal centres were shown to
consist of a mixture of molecules, of different class and
type (Pernis, 1967), led to the conclusion that these
extracellular immunoglobulins were not solely produced by
cells in the centre, but that at least part were synthesized
elsevhere in the body and were bound there secondarily.
Antigen was also detected here (White, 19637 Ada, Nossal
& Austin, 1964y Balfour & Humphrey, 1967 White, French &
Stark, 1967) and it was suggested that as soon as circulating

antibody appeared in immunized animals a fraction became

attached to the surface of these dendritic cells in the form
of immune complexes,

Germ—-free animals were found tb lack germinal centres
(Thorbecke, Gordon, Wostman, Wagner & Reyniers, 1957), as
were foetuses (Silverstein & Lukes, 1962), but they could be
induced to produce them 'by exposure to specific antigen.

This suggests that in both cases they were absent due to a
lack of antigenic stimulation. However, germinal centre
formation 1s not an essential component of primary antibody
formation in mice (Gallily & Feldman, 19673 Grobler, Buerki,

Cottier, Hess & Stoner, 1974), and several other roles have

now been proposed for these very active areas. They have

been suggested to be involved with the 'memory® component of

=N\




the immune response {(Thorbecke, Jacobson & Asofsky, 1964
Thorbecke, 19693 Grobler, Buerki, Cottier, Hess & Stoner,
1974; White, Henderson, Eslami & Nielsen, 1975), in the
switch from 19S5 to 7S immunoglobulin (Blythman & White, 1977)
and in feedback inhibition of the immune response (White &
Nielsen, 19753 Stockinger, Botzenhardt & Lemmel, 1979;
VanRooi jen, 1980). All require the localization of immune
complexes oOn deﬁdritic cells and will be discussed in the
following Chapter. -

~So germinal centres appear to be of prime importance to
the central immune mechanism. Yet poikilotherms lack germinal
centres (Good & Finst;d, 19673y Borysenko, 1976) and most
lack any vestige of lymph nodes or Peyer's patches. Numerous
studies have shown that anamnestic responses do occur in
these lower forms (Evans, Kent, Bryant & Moyer, 1966
Avtalion, 1969by Trump & Hildemann, 19703 Lin, Caywood &
Rowlands, 1971) and the kinet:lcs of the antibody response
follow a course typical of a system exhibiting negative
feedback on antibody production. Also in the higher
amphibians IgRAA as well as IgM 1is produced (Lykakis,
19693 Marchalonis, Allen & Saarni, 1970), coinciding with the
appearance of a more advanced lymphoid apparatus which
includes primitive lymphomyeloid nodes (Ranidae, Bufohidae)
or a complex splenic architecture (Xenopus légvis)‘. Even
where only 'IgM 1is produced it has recently been shown that
as the antibody response continues antibody affinity is
increased (Fiebig & Ambrosius, 1977). Thus the proposed
roles of mammalian and avian germinal centres occur in

animals which lack these structures. Pyroninophilic cells
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and plasma cells are present however (Good, Finstad, Pollara
& Gabrielsen, 19663 Cowden, Dyer, Gebhardt & Volpe, 1968)
and are similar to those that occur in mammals (Fey, 1967).
It has been suggested that the areas where pyroninophilic

cells aggregate may be acting as primitive germinal centres
(Pollara, Cain, Finstad & Good, 1969).

The spleen, thymus and pronephros have been shown to

be the main lymphoid organs in many species of teleosts
(Smith, Wivel & Potter, 19703 Sailendri & Muthukkaruppan,
1975a), with the pronephros being the major peripheral organ
of lymphocytopoiesis :lﬁ the carp. The present study examined
the appearance of large pyroninophilic cells and other
histological changes in the carp, Cyprinus carpio L, after
both primary and secondary responses to a soluble protein
antigen, human gamma globulin, and a cellular bacterial
antigen, Aeromonas salmonicida, as well as the effect of

injecting either antigen emulsified in adjuvant,

MATERIALS AND ME‘IHODS
Animals

Young carp, aged 6 months to 1 year, were used in all
experiments except those described in Section E.

Staining technigues

Animals were sacrificed on the appropriate day of
immunization and the spleen, liver, mesonephros, pronephros
and thymus were*remv_ed, fixed in Carnoy's f_luid and

embedded in wax. Sections vere cut at 8 ym and stained

with methyl green-pyronin., Tissue fixed in Carnoy®s fluid
was also cut and stained for reticulin fibres using a silver

impregnation technique (Gomori, 1937).




Some organs from control and immunized animals were
fixed in Bouin's fluid for staining with haematoxylin and
eosin, or were fixed in 2.5% glutaraldehyde for electron
microscope studies.

An attempt to elucidate the pigment type (or types)
present in many of the- organs was made, using a variety of
staining techniques. These included the Prussian blue
reaction for ferric iron, the Schmorl, Sudan Black B and
Ziehl Neelsen methods for lipofuscin, the Masson Fontana
method for melanin, and the periodic acid~Schiff technique
for glycogen. Staining schedules were adopted as described

in Bancroft and Stevens (1977) or in Humason (1979).

Immunization
(a) Pilot studies on the primary response

Doses of human gamma globulin (HGG) (Kabi, Stockholm) and
Aeromonas salmonicida, known to be immunogenic (see Chapter 5),
vere used. Lyophilized HGG was dissolved in 0.85%4 saline

to a concentration of 2.5 mg/mli. The carp were injected

intraperitoneally in quantities of 0.01 ml/g fish (0.025 mg/g
fish) on days 0 and 12, to ensure a good response. Suspen-
sions of A. salmonicida that had been incubated for 3 days

in 0.5% formalin were obtained from the Marine Laboratory of
the Department of Agriculture and Fisheries for Scotland, at

10

Aberdeen. This stock solution contained 8 x 10 cells/ml

and was stored at 4°C. When required they were washed twice

in 0.85f saline and resuspended to a concentration of 1 x 1010

cells/ml of 0.85% saline. These were also injected into
carp intraperitoneally in quantities of 0.01 ml/g fish on
days O and 12, giving a dose of 1 x 108 cells/g fish at each



injection. Animals were killed on days 1 to 7, and thereafter
at weekly intervals for 8 weeks, Uninjected and saline

injected animals were included at each sampling time.

(b) Effect of adjuvant and route
The effect of adjuvant was examined by injecting HGG or

A. salmonicida in Freund's complete adjuvant (FCA) (Difco,
Detroit, USA) at the same concentration as in the experiments
described in Section (a). Antigen solutions were initially
-made at twice the required concentration in 0.85% saline, and
were then emulsified in an equal volume of FCA. Injection
Iand.killing schedules ﬁere also followed as in Section (a).
HGG in FCA was injected either intraperitoneally or
intramuscularly to compare the effect of different routes
of administration. A. salmonicida in FCA was injected via
the intraperitoneal route only.

" (c) Dosage
The effect of increasing the dose of HGG in FCA was

investigated by injecting fish intraperitoneally at 4-fold
(0.1 mg/g fish) and 10-fold (0.25 mg/g fish) the normal dose.

Immunization and killing schedules were followed as in Section (a)
(3) Secondary Responses

Carp were immunized as for a primary response with the
normal dose of HGG in FCA, HGG in saline orwith.h, salmonicida
in saline. They were given a secondary immunization 8 weeks

after the first injection and animals were killed on days

1, 7, 14, 21 and 28 after the secondary injection.

(e) Responses of young carp

Carp éged_aweeKS*were injected intraperitoneally on
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days 0 and 12 with HGG in FCA, HGG in saline or A, salmonicida

in saline, at the concentrations used in Section (a).

Fish were killed at weekly intervals for up to 8*we;ks. A
booster injection was given on day 56 to the remaining fish
in this group and animals were killed on days 1, 7, 14 and

21 after this booster 1injection.

(£) Administration of heat agqgregated antigen and of immune

complexes

Two different methods ofpreséntation of antigen were
investigated to see whether accelerated'higtological changes
resulted.

The presentation of immﬁne complexes was studied in
two ways, The first involved injecting antigen and allogeneic
antiserum separately, to farm immune complexes in vivo. The
second involved the injection of immune complexes formed
in vitro. Both experiments were carried out using the
intraperitoneal and intravascular routes, and are described
more fully in Chapter 4.

Similarly, heat aggregated HGG was prepared as described
in Chapter 4 and injected into fish after dialysis using the
intraperitoneal and intravascular routes. An additional
experiment was also carried out in which a 0.25% solution of
HGG was simply heated at 60°C in a water bath for 15 ﬁin,
cooled and injected without prior dialysis, either intra-

peritoneally or intravascularly.

RESULTS

Histology of unimmunized animals
The position of the major lymphoid organs investigated

are shown in Figure 3,



Figure 3.
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The spleen in carp is sjituated alongside the intestine
and tends to be a rather dark, elongated organ, As in most
teleosts, it consists of lymphoid tissue, puip and ellipsoids
(Yoffey, 1929). The ellipsoids consist of a thin endothelial
layer surrounded by a cuff of cells, usually a single cell
thick and containing macrophages (Plate 5). This cuff is
bounded by a sheath and enmeshed within a fibrous reticulum
(Plate 6). The lumen is narrow and allows only one or two
blood cells to pass at a time. These ellipsoids extend and
branch throughout the red pulpandare very similar to those
seen in the plaice (Ellis, Munroe & Roberts, 1976) and brown
trout (O'Neill, 1978). The red pulp consists of large
blood sinuses containing many red cells. There is no
organized white pulp, but occesional white cells are seen
in the ellipsoid cuff and within the red pulp. On some
occasions pigment-containing cells are seen in both the
ellipsoids and the red pulp, these have been termed melano=-
macrophages (Roberts, 1975). These cells tended to aggregate
at the axils of branching ellipsoids to form centres similar
to those seen in the plaice (Ellis et al., 1976) and the
turbot (Ferguson, 1976), but'withput the associafed lymphoid

cuff of the latter.

Although the exact type of pigment present
in these cells is not known, the terms melano-macrophage and
melano—macrophaqe centre, or melanin centre, will be retained
to denote sﬁc‘h pigment-~containing macrophages and aggrega-
tions of them. Where relevant, the specific pigment is named.

Only a few leucocytes could be detected in the spleen

at the electron microscope level. 1In animals in which the




pigment-containing cells were numerous cells resembling
macrophages and containing electron dense granules were seen.
The kidney is divided into pronephros and mesonephros,
The pronephros is situated anterior to the transverse septum,
on both left and right sides of the head, and is a densely
cellular, pink organ (Smith, Wivel & Potter, 1970). There
are many vascular sinuses, some of which have a thick layer

of steroidogenic cells (Turner, 1966), The pronephric cells

lie between the sinuses and smaller vascular spaces, but the
sinuses and vascular spaces are generally devoid of cells
(Plates 7 and 8). Erythropoietic, granulocytic and lymphoid
cells can all be discerned in the pronephric parenchyma,
Lymphoid cells, particularly plasma cells, tend to cluster
along the vascular channels, but there appears to be no
patterned arrangement.

Using an electron microscope, plasma cells, lymphocytes
and granulocytes are all easily distinguished. The lymphocytes
and granulocytes are numerous, whilst numbers of plasma
cells are few. The lymphocytes are small round cells, about
5 um, the largest part of which is occupied by the rouhded
nucleus, with dense chromatin (Plate 9). 'I‘he're is a poorly
developed Golgi apparatus and the endoplasmic reticulum is
absent. There are on occasions a few small mitochondria and
free ribosomes scattered throughout the cytoplasm.

Plasma cells, on the other hand, have a large amount of
rough endoplasmic reticulum, an eccentric nucleus, and a
centrally situated Golgi apparatus (Plate 10). Mitochondria

occur between the cisternae,.



Two types of granulocyte were detected, the predominant
type resembling an ecsinophil. The nucleus seldom appears
to be indented or lobulated as in mammalian forms, but the
cytoplasmic granules do have rather characteristic crystalline
inclusions (Plate 11). The granules are flattened and ovoid
in shape, with an electron dense equatorial crystal. This
type of granuiocyte also has some rough endoplasmic reticulum,
a few large mitodhondria and multivesicular bodies.

The second type of granulocyte has many large vacuoles,
varying enormously in shape and density. The nucleus is
eccentric and there appears to be little endoplasmic
reticulum (Plate 12). These cells resemble the plasmacytoid
cells seen in the pronephros of carp by Smith, Wivel and
Potter (1970). These authors proposed that such cells were
mature plasma cells that had continued to accumulate secretory
products, filling the rough endoplasmic reticulum. However,
in the present study the cisternae of the small amount of
endoplasmic reticulum seen in this type of cell was not
associated with the granules. The cells described here are
similar to the type 2 granulocyte in goldfish (Davies &
Haynes, 1975), particularly those found in the tunica propria
of the intestine. Certainly at the light microscope level
two types of granulocyte are visible in carp (Davina,

Ri jkers, Rombout, Timmermans & Van Muiswinkel, 1980) and
the cells described in the present electron microscope study
are therefore probably a type of granulocyte.

The mesonephros of carp is situated beneath the vertebral

column and enlarges to form a pair of lobes about half way
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down the body length, at the position of a constriction in
the air sac. It is separated from the body cavity and air
s&c by connective tissue, Many nephric tubules are present
in connection with its excretory function and there is also
a haemopoietic parenchyma between the tubules.

The thymus is situated on either side of the head at
the level of the gills, just dorsal to the superior corner of
the operculum, It is ah opaque-whitish organ, partially
surrounded .by the bones of the operculum, It is well
vascularized, with an extensive capillary network. There 1is
little distinction between the cortex and medulla, but the
population of lymphocytes is sparse surréunding the capil-
laries and blood vessels while the bulk of the thymus
parenchyma is composed of thymocytes (small, round, dark-
staining cells which are morphologically similar to the
lymphocytes found elsewhere in the body). Many of the larger
thymocytes have a bright red rim of cytoplasm when stained
with methyl green-pyronin. Plasma cells can also be iden-
tified in the thymus by electron microscopy, although they
are very few in number. |

The liver is situated predominantly at the anterior end
of the peritoneal cavity, but has several loosely connectedl
lobes, closely adherent to the portal veins and concealed
by the intestine., The liver is not a lymphoid organ in fish,
neither does it play a major role in phagocytosis, although
the hepatic sinuses are lined by endothelial cells that
have been described by Wislocki (1917) to correspond in

appearance and behaviour to Kupffer cells.



Histologay of the lymphoid organs of immunized animals

(a) Effect of immunizing with human gamma globulin or

Aeromonas salmonicida.

As can be seen from Table III, after injection of HGG
in saline there is an initial increase in the numbers of
pyroninophilic cells in the mesonephros, with cells aggregat-
ing together to form small groups (Plate 13). There is
little activity in the spleen, although the occasional animal
does have increased numbers of pyroninophilic cells present
in the ellipsoids, A more marked reaction is observed by
day <21, especially in the pronephros, with an increase in
the numbers of pyroninophilic cells throughout the pronephric
parenchyma and on some occasions aggregates of cells were
seen around the larger blood vessels, At no time were any
pyroninophilic cells found in the liver or thymus. In a few
animals, during the first 3 weeks, the mesonephric kidney
tubules contained pyroninophilic cells (Plate 14). Pigment-
containing cells seem to increase in the long-term and are
often found in areas where pyroninophilic cells had been
conspicuous a few weeks earlier.

The response to A, salmonicida is more spdradic (Table IV).
There appears to be an increase in the numbers of pyronino-
philic cells during the first week, particularly in the pro-
and mesonephros, thereafter a slightly reduced level was
maintained up to the end of the study at week 13. However,

comparison with saline injected controls, suggests that the

reaction to A, salmonicida is not very pronounced.' Again,

with this antigen, no pyroninophilic cells were observed
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in the liver or thymus, Pigment-containing cells increased

Consiclerab\y, noticeably in the spleen, but also in the pro=

and mesonephros. On several occasions individual pigmente-
containing cells were found scattered throughout the blood

spaces in the pronephros, during the first week after immuniza;.
tion and by week 6 large aggregates of pigment-containing

cells began to form, particularly at the axils of branching
ellipsoids. These aggregates appeared to be surrounded by
fine extensions from the reticulum of the ellipsoid sheath,

as shown in sectj:ons impregnated with silver (Plate 15), 1In
sections stained for ferric iron only the spleen was

positive, The location of iron corresponded ;vith the location
of pigment—containing cells but was present in only about

half of these cells, the rest being apparently devoid of
ferric iron. This indicates that haemosiderin is présent

at these sites, possibly as well as melanin and lipofuscin.

The question as to whether both melanin and lipofuscin
were present in the 8pleen', and whether they were in the same,

or different, cells as the haemosiderin was investigated
using reducing_methods of staining for melanin and lipofuscin,
such as the Masson Fontana technique or Schmorl's reaction.
Schmorl*s reaction was positive, indicating the presence of
lipofuscin, The Masson Fontana technique was inconclusive,
the large yellow coloured pigment was not stained, but small
black granules were seen intermingled between this vyellow
pigment, Lastly, the PAS reaction was pos:ltive at these

pigment-containing sites, suggesting the pigment is contained
within macrophages,
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Little pigment was found in control saline injected
animals, In the few animals where some pigment occurred,
it was mainly in the spleen, 2and 4id not vary in quantity
between animals killed early on and those killed at later
timings.
(b) Effect of adjuvant and route

The use of adjuvant seems to have a marked effect on
the response to HGG injected intraperitoneally (Table V).
During the first week there is an increase in pyroninophilic
cells in the pro- and mesonephros, similar to that wﬁich
occurs with HGG in saline, but the response during the next
two weeks is markedly different. There is a dramatic
increase in pyroninophilic cells in both the pro- and mes0-
nephros, peaking at 3 weeks after immunization with the forma-
tion of large cell clusters, particularly prominent in the
pronephros (Plates 17 and 18). These cell clusters are
larger in the pronephros than in the limited tissue of the
mesonephros, and seem to occur mainly in the pulp between
the blood sinuses. At the electron microscope level a large
increase in the number of large lynphocyi:es was seen. These

cells are an intermediate type between lymphocytes and plasma

cells, They have a _large nucleus of loose chromatin struc-
ture, much more abundant cytoplasm, more obvious end;plasmic
reticulum and many large mitochondria (Plate 16). Lymphocytes
were fewer than in control animals, and plasma cells were
unchanged.,

The elevated levels of pyroninophilic cells and cell

clusters were still present in the pro- and mesonephros
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TABLE V

STl

injectio

of HGG in FCA administered on days 0 and 12,
Each symbol represents one individual

Days - 1l=11 14-20 21-27 2834 3556

Histologic responses to an

Spleen R +++e- ++++ +++ ++ e

- - :-'-

~ Pronephros +# +++ # +++ GO
4= += 4+t

CO t—

Mesdnephros P+++ +++ B ID F++ +4 e

+ +- H +4++

®,e, Cell clustersy +, large numbers of pyroninophilic

cells; +, many pyroninophilic cells; +, few pyronino-

philic cellsy; =, no pyroninophilic cells.

TABLE VI

Histologic responses to an i.m, injection
of HGG in FCA administered on days 0 and 12.
Each _symbol represents one individual

Days l=11 14-20 2127 28-34 35=56
Spleen N.T. ++t - ++ o ++- e
Pronephros N.T. + +++ +H H H + ++4+ tte
Mesonephros N.T. ++++ + H ++ +++ +he

+

N.T., Not testeds 4+, large numbers of pyroninophilic

cells; +, many pyroninophilic cells; +o few pyronino-

philic cellsy -, no pyroninophilic cells.



during week 4, Lut had conpietely gone by week 5§, The
spleen again had a limited role, as was the case when antigen
was administered without adjuvant. In general, increased
numbers of pyroninophilic cells occurred only in animals where
there was a very large response in the pronephros. As in
animals injected without adjuvant, an increase in the amount
of pigment was seen towards the latter part of the experiment,

Conversely, with A, salmonicida the use of adjuvant had
little effect, As with the response in saline, a large'
increase in the number of pyroninophilic cells occurred in
the pro- and mesonephros during the first week, with a less
clear response after that, No cell clusters were observed
as seen when adjuvant was given with HGG. Pigment-—containing
cells do appear, particularly in the spleen, again similar
to the response in animals injected with A, salmonicida in
saline. .

Adjuvant injected alone had little effect. After 2
weeks there was a small increase in pyroninophilic cells
in the spleen, pro- and mesonephros, but in no animals were
large numbers seen or cell clusters formed, Little pigment
was found apart from a small amount which was seen early
on, darker than in normal fish and restricted to the
ellipsoids in the spleen, and may have been melanin. Only
a few animals possessed this dark pigment after week 5.

The response to HGG in FCA injected intramuscularly
instead of intraperitoneally can be seen in Table VI.
Here, although the intensity of the reaction was similar

to the intraperitoneal-route, no obvious cell clustering



was observed either in the pronephros or in the mescrneplroc,
However, the pyroninophilia in the pronephros cduring weeck 4
was so intense that the whole pronephros could have been
said to be one very large céll cluster. Again little pigment
was found in this group. Some did appear in animals killed
at week 3 when both dark and yellow pigment was seen,
(c) Effect of dose |

In general, with larger doses of antigen there was a
more pronounced effect. Increased numbers of pyroninophilic
cells were seen early on in the pro- and mesonephros.
However, the cell clusters which form in the pronephros,
still do so at week 3 and nbt earlier, even when using
10 times the normal concentration (Table ViI). The response
in the mesonephros was variable, but appeared stronger than
when the smaller dose was used and more numerous cell
clusters were present both early on and later. Quite early
in the response, during the first week, pyroninophilic cells
were seen in the blood spaces in the pronephros, as well as
in the pulp (Plate 19). A marked response in the spleen
was noted in two fish, both of which were killed between
weeks 1 and 2., The response in the pronephros was more
conspicuous with large numbers of pyroninophilic cells
present, There was & general increase in cell numbers during
the first 5 days, after which time grouping of the cells
around large blood vessels, of the type seen in Plate 7,

occurred especially where the sheath of steroidogenic cells

was lost. The aggregates increased in size and number
during the following week, and by week 3 cell clusters had
appeared, no longer only adjacent to the large blood vessels,

but spread throughout the pulp.
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TABLE VII

Histologic responses to an i.p. injectio
of HGG in FCA at ten-fold the normal dose

ac stered on days 0O and 12 Rac

represents one individual

Days 1-11 14-20 21-27 28-34 35-56
Spleen ++++ + +++ ++= N.T. e —
+ e -
Pronephros H+ H ++ H++#+ ++ DO + N.T. +++
++++ +
++++
Mesonephros @& ® (3D A H++ @ 3+ N.T.
H +++ +
+++4

N.T., Not tested:® @, cell clusters; +, large numbers of

pyroninophilic cellsy <+, many pyroninophilic cells;

+o few‘pyroninQPhilic cells; -, no pyroninophilic cells.

TABLE VIII
Histologic responses to an i,p, injection

of HGG in FCA administered on days 0, 12 and 56,
Each symbol represents one

1dividual.

Days l-11 1420 2127 28-34 35-56
Spleen | + 4+ ++ 'l't-- tt—— ++4 e N.T.
++t -
Pronephros  + +++ +4++ +H++ N.T.
it~
Mesonephros + +#+H+#  ++t- +4+++ +++ ~ N.T.
- ++-.|;+ | A -

N.T., Not tested; +, large numbers of pyroninophilic cells;

+, many pyroninophilic cells; +, few pyroninophilic cells;

-, NOo pyroninophilic cells,
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The appearance of yellow pigment when fish were immunized
with 0.1 mg HGG/g fish, or with 0.25 mg HGG/g fish, waé
similar to that following HGG in FCA at 0,025 mg/g fish,
However, at 0.25 mg HGG/g fish, dark pigment was seen in
the spleen confined completely to the ellipscids (Plate 20).
This response was much stronger than that seen with adjuvant
alone, and was confined to the first 5 days after immuniza-
tion. After this time intermediate types of pigment were
seen, gradually all becoming a light golden :  colour.

(d) Effect of a third immunization

| After a booster immunization with HGG in FCA there is a
rapid increase in pyroninophilic cells in both the pro-
and mesonephros (Table VIII), not unlike that occurring
during the primary response with high doses of antigen.
This response seems to peak at day 7, wheln the spleen 1is
also in a highly reactive state. Here, the pyroninophilic
cells are located within the ellipsoids but seem to accumul-
ate 1n such large numbers that the sheath bulges outwards
to form a nodule, This transition is shown in Plate 21.

In sections stained to show the reticulum, it can be
seen that this nodule of cells is still enmeshed by an
expanded portion of the reticulum (Plate 22). This acquires
spherical proportions resembling, in a rudimentary form, the
white pulp reticulum of the tetrapod spleen, |

The response in the pro- and mesonephros also showed
differences from the primary response. Particularly notice-
able was the absence of cell clusters., Even though large

numbers of pyroninophilic cells were present in both the



pro- and mesonephric kidneys, in only one animal were small
aggregates seen, Indeed, after 3 weeks from immunization
the pyroninophilic cells remaining in the pronephros were
still predominantly grouped around the major blood vessels,
as occurred early on in the primary response. The response
in all three orgaﬁs raplidly decreased after the first

week, again in contrast to the primary rQSponses.

No response was seen in the liver or thymus, nor were
pyroninophilic tubules seen in the mesonephros,

The seéondary response to HGG in saline w&s much
weaker than that given to HGG in FCA, and no effect was
seen in the spleen. The response also peaked by day 7 and
showed no pyroninophilic cell clusters in the pro-~ or
mesonephros at any time.

Using A. salmonicida the picture following a third
injection of antigen was again different from the primary
response. There was no effect in the spleen. 1In the pro=-
and mesonephros the response rose quickly during the first
week and continued up to the end of the third week, when
cell clusters appeared. The initial increase in pyronino-
philic cells :I.n. the pronephros followed a pattern similar
to that which occurred in thé fish injected with HGG in

FCA during the primary response, Pyroninophilic cells

collected around the major blood vesselsy small aggregates
formed ﬁuring the second week and increased in numbersg
finally, discrete cell clusters appeared in the pulp by
week 3. These clusters, however, were not as intense as

those seen in fish injected with HGG in FCA.
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In all animals during the secondary responses, pigment-
containing cells were present in the spleen, pronephros and
mesonephros, although in varying amounts. In many animals
areas of pale staining cells, some containing large vacuoles,
became apparent in the pro~ and mesonephros. Pigment was
often present here. They were of similar size to the cell
clusters seen dufing primary responses, and may have been
an end product or intermediate from them.

(e) Responses of young carp

Carp aged 8 weeks at immunization, responded in a

similar fashion to adult fish aged 6 months to 1 year.

There was an increase in the number of pyroninophilic cells

by the second week, in both the pro~ and mesonephros, using
HGG in saline or HGG in adjuvant, or with A, salmonicida.

- The response continued up to the end of week 4, and with

HGG in FCA cell clusters were seen in the pro- and mesonephros.
As with the adult responses, the spleen, liver and thymus
played no role in the primary response.

Secondary.resbonses in fish aged B weeks at the first
immunization, vwere also similar to adult responses, The
response to HGG in FCA was accelerated, but without the '
splenic involvement. Possibly the spleen was too immature
in these animals. As in the adults, no cell clusters wvere
seen, Responses to A, sélmonicida were obviously accelerated
only in the mesonephros.

(£) Effect of modified antigen

l1. Immune coO exes

Injecting antigen in saline and homologous antibody
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separately showed no marked effect on the spleeh or mesonephros
over and above that expected for the injection of antigen
alone, However, cell clusters vere seen in the pronephros,
which were not seen at all with HGG alone, and they appeared

at an earlier time than with HGG in FCA.

Using complexes in antigen excess the effect was also
‘largely upon the pronephros. Here the response was very
similar to an injection of HGG in FCA at 0.25 mg HGG/g animal,
There was a large increase in the number of pyroninophilic
cells seen during the first week, leading to the formation of
cell clusters by week 3 (Table IX).

No obvious difference between the intrapefitdneal and
intravascular routes was noticed.

2. Heat aggregated HGG

Using heat aggregated HGG prepared as described in
Chapter 4, a much accelerated response was seen which rapidly
terminated by the end of week 3. Using the intraperitoneal
route cell clusters were seen in the pronephros earlier than
with HGG in FCA (Table X). The intravascular route also
gave an increase in the number of pyroninophilic cells,
but without clustering of cells. Pyroninophilic cells
were also seen in the ellipsoids of the spleen, similar to
a secondary response, Pigment was prominent by week 3 when
most of the pyroninophilic cells had gone. Also by week 3

cells were noted in the pronephros that had a smaller rim
of pyroninophilic cytoplasm, and were possibly of the{plésma
cell series.

Using the non-dialysed preparation of heat aggregated

HGG also gave accelerated and enhanced responses in the
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TABLE IX

Histologic responses to an {4 injection

®

of HGG~anti-HGG immune complexes, in antigen
excess administered on day O, Each symbol
represents one individual

Days l=11 14-20 21-27  28-34  35-56

Spleen ties asiel N o N.T.
+o

Pronephros + + ++ + ++4++ o0+ +++ N.T.
:—

Mesonephros oD + + ++++ @00 +++ N.T.
++

N.T., Not testedy &, cell clustersg +#+, large numbers of

pyroninophilic cellsy +, many pyroninophilic cells;

+p few pyroninophilic cellsy «~, no pyroninophilic cells,

TABLE X

Histologic responses to an i1,p, injection
of heat aggqregated HGG administered on day O,

Each symbol represents o nd ual,
Days l=11 14-20 21=27 28-34 35-56
Spleen +4+4 - “H+ ++ —ecn =am N.T.
Pronephros + #+#+ @@E@EH+#+  +++ ++ N.T.
++
Mesonephros 609+ @@ + +eem ++ N.T.
- .

N.T., Not tested; @,0, cell clustersy <+, large numbers of
pyroninophilic cellsy +, mmnypyroninqphilic,cellsx '

+, few pyroninophilic cellsy =, no pyroninophilic cells.
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pronephros, with cell clusters forming by week 2, It was
of interest that using these unrefined aggregates every
animal killed between days 1 to 5 contained large amounts
of dark coloured pigment in the ellipsoids, very similar to
the response with 0.25 mg HGG/g animal in adjuvant. On

the last day that this was observed, dark pigment-containing

cells were seen throughout the pulp, as well as in the
ellipsoids (Plate 23), possibly migrating to some other

location.

DISCUSSION
'The role of pyroninophilic cells

It is clear that even with a limited structural com-
plexity in the spleen and kidney of fish, marked cellular
changeé occur after antigenic challenge. The increase in
pyroninophilic cells in the pro-~ and mesonephros roughly
coincides with the first appearance of circulating antibody
(see Chapter 5), and the peak cellualar reaction just
precedes the peak antibody response. This would seem to
indicate their involvement in antibody production in a
similar fashion to that seen in mammals. The transforma=
tion of lymphocytes to plasma cellé, containing demonstrable
ihtracellular immunoglobulin is now well established in
mammals (Amos, 1962y Thorbecke & Benacerraf, 1962;
Langevoort, 19633 Feldman, 1964). Certainly both of
these cell types are present in the pronephros of the cérp,
as demonstrated by the electron micrographs (Plates 9 and
10) and have been shown to be homologous to the corresponding

cell forms of mammals (Fey, 1967). However, by far the most
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prominent cell type is the intermediate pyroninophilic

cell, Whether this cell type represents the large lymphocyte
or plasmacytoid cell is uncertain., It is worth noting,
however, that in other poikilotherms, such as the toad
Xenopus laevis (Turner & Manning, 1973) or Bufo marinus
(Diener & Nossal, 19663 Evans, Kent, Bryant & Moyer, 1966),
a large increase in pyroninophilic cells, but not plasma
cells, was noted after immunization., Primitive pyronino-
philic cells with a high nucleo-=cytoplasmic ratio were
first noted 5 days after antigen injection in B. marinus,
comparable to the first appearance of large pyroninophilic.
cells in the rat lymph node 2 to 3 days after a similar
antigenic stimulus. However, in the rat, proliferation of
such cells leads to the formation of germinal centres and
to plasmacytopoiesis in well defined areas of lymphatic
tissue (Nossal, Ada & Austin, 1964). 1In the toad the numbers
of pyroninophilic cells increased for about 4 weeks, during
which time some loose clusters of cells were formed and
some differentiation towards more mature cells was seen.
Similarly, in X, laevis (Turner & Manning, 1973) and in
Cyprinus carpio (in the present study), large numbers of
pyroninophilic cells were seen by the third week after
immunization, with very obvious cell clusters in the prone-
phros and mesonephros of C, carplo. The question arises

as to the function of these pyroninophilic cells. Do they
act purely as a proliferative cell line, an intermediate

cell type in antibody formation, or do they act as both a

proliferaﬁive and an antibody producing cell as suggested
by Turner and Manning (1973) 2




Cowden, Dyer, Gebhardt and Volpe (1968) demonstrated
the presence of plasma cells in long~term bovine serum
albumin (BSA) stimulated B, marinus, using electron micro-
scope and fluorescent techniques. The plasma cells were
found mainly in the mesonephros and in the margins of
_granulomas formed at the sites of injection of antigen.
They argued that the paucity of plasma cells in the lymph
nodes and spleen of immunized poikilotherms was simply
because it was the mesonephros that was the principal site
of antibody formation. However, the mesonephros of X, laevis
was found to have few proliferative cell types, even after
splenectomy (Turner, 1973), and only large pyroninophilic
cells were prevalent in the mesonephros of C. carpio in
the present study. Furthermore, large pyroninophilic cells
capable of synthesizing anti-BSA antibody have been demon-

strated in B. marinus (Evans, Kent, Bryant & Moyer, 1966),

whilst in X. laevis lymphocytes have been tentatively
identified as splenic antibody~forming cells using immuno-
cyto-adherence tests (Amirante, 1968) or plaque forming

cell assays (Auerbach & Ruben, 1970). A large morphological
heterogeneity of specific antibody forming cells in

B. marinus was observed by Diener and Marchalonis (1970)
after injection of Salmonella adelaide. In the early phase
of antibody production small and medium lymphocytes played
an important role in antibody synthesis, while at later
stages large cells resembling immature plasma cells were

the predominant producers of antibody. Similar findings on

the mouse (Russell & Diener, 1970) have shown that the




O R

presence of a large number of antibody forming small lympho-
cytes is characteristic of the early primary response to
S. adelaide. These small cells may have been the precursors
of the subsequent population of antibody forming cells,

So it would appear that the large pyroninophilic cells
seen in the present study may be just a proliferative phase
before migration and differentiation elsewhere, or they may
be able to synthesize antibody without the production of
typical plasma cells. The possibility of intermediate cell
stages on the way to plasma cells being able to secrete
antibodies is very interesting. Perhaps these large
pyroninophilic cells are able to secrete antibody in the
primary response, when few plasma cells are present, whereas
in hyperimmunized animals larger numbers of plasma cells have
matured and become the predominant antibody producer. This
would explain the plasma cells seen in the paddlefish after
multiple injections of killed Brucella cells (Pollara,
Finstad & Good, 1969), those seen in B, marinus (Cowden
et al., 1968) and the findings of Evans, Kent, Bryant and
Moyer (1966), that pyroninophilic cells with a nuclear-
cytoplasmic ratio, similar to that in mammals, were seen
mote frequently in anamnestic responses than in normal or
primary response animals., Obviously studies involving the
identification of cells .eontaining intracellular antibody
during different stages of the immune response would help

elucidate the role of the large pyroninophilic cells and

the apparent dearth of plasma cells in the spleen and kidney

of C. carpio.
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It 1s clear that adjuvant is having a marked effect on
the response to HGG in the pronephros, and to a lesser
extent 1ﬂ the mesonephros, during the primary responseg
also on the spleen during a secondary immunization., The
effect of adjuvant on the histological changes leading to
antibody production, has been demonstrated in many animals,
Ward, Johnson and Abell (1959) showed that in rabbits
injected with bovine gamma globulin (BGG) and endotoxin,
there was a profound augmentation of events observed on a
much smaller order of magnitude following a single injec-
tion of BGG alone. No new cell types were incited by endo=-
toxin and rabbits receiving only endotoxin lacked the normal
sequence of events., Similarly, Langevoort, Asofsky,
Jacobson, DeVries and Thorbecke (1963) showed that rabbits
injected with BGG and endotoxin had increased numbers of
haemocytoblasts and immature plasma cells early in the response}
elevated numbers ,Of plasma cells during the whole period of
observation and germinal centres which appeared slightly
earlier, were larger, showed more mitotic figures, and
remained for a longer period of time. Since only slight
antibody production was observed in the white pulp in the
later phase of the response, the effect of endotoxin seemed
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