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In a comparison of the mammalian and fish immune systems many similarities
and differences are found. While most of the differences occur in the acquired or lymphoid

arm of immunity, the nonlymphoid immune systems of fish and mammals share many
similarities. For instance, both animal groups use phagocytic neutrophils and macrophages as effector cells. The functions of these cells are crucial to the health of the organism

as they provide the first line of cellular defense against invading pathogens. One of these

functions is the production of bactericidal superoxide radicals (respiratory burst) which
serves as a defensive mechanism shared by fish and mammalian phagocytic cells.

This thesis examines the nature and the modulation of the respiratory burst by

rainbow trout pronephric phagocytic cells. This organ contains two populations of
phagocytic cells which can be separated into adherent and nonadherent subpopulations

each of which shares functional characteristics with their mammalian homologues,
macrophages and neutrophils. On a per cell basis, the fish adherent cells produce less

PMA-stimulated superoxide than the nonadherent cells. The respiratory burst of the
nonadherent cells is diminished by in vitro conditions of cell crowding and adherence and

occurs at temperature ranges higher than the physiological maintenance temperature of
the fish.

In rainbow trout the respiratory burst is also modulated by in vitro exposure to

lipopolysaccharide (LPS), a component of the cell wall of gram negative bacteria.
Incubation of mixed adherent and nonadherent cells for 24 hours in the presence of LPS

enhances the respiratory burst of the nonadherent pronephric phagocytes. Incubation for

72 hours diminishes the response due, at least partly, to an LPS-induced increased
adherence of `nonadherent' cells removing them from the PMA-reactive population.
Alteration of nonadherent cell function is mediated through adherent cells as evidenced
by the ability of LPS-treated adherent cells and their supernatants to simulate LPS effects

on nonadherent cells.
The respiratory burst of trout phagocytic cells is also modulated by stress. Brief

suspension of fish out of the water resulted in diminished superoxide production by
nonadherent cells assayed one hour later. In vitro incubation of nonadherent cells for 72

hours with 10-6 M dexamethasone, a synthetic stress hormone, also diminished the
respiratory burst.
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CHAPTER 1

Fish Immune Systems: Comparison with those of Mammals

INTRODUCTION

Although phylogenetically distant, the mammalian and fish immune systems

parallel each other in many structural and functional aspects. Both groups utilize an
adaptive or acquired system of immunity which allows for a rapid, specific defense
against a spectrum of pathogens. In addition to an adaptive system, an innate or nonspecific immune defense operates. The weapons of innate immunity include phagocytic

effector cells, the macrophages and neutrophils. Many functional and morphological
characteristics are shared by these two cell types in mammals and fish. One commonly
shared functional property is the ability of phagocytic cells to produce superoxide anions
as a killing mechanism. Shared aspects of superoxide production by fish and mammalian

phagocytes include similar enzymatically mediated mechanisms as well as modulation
by physiologically relevant soluble factors.

IMMUNE SYSTEM TISSUES

The tissues of the immune system can be classified as either primary or secondary

lymphoid tissue. Within primary tissues, immune cells differentiate from stem cells,

proliferate and mature. Secondary lymphoid tissues provide environments in which
further maturation occurs and where immune cells have the opportunity to interact with
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each other and antigens to propagate the immune response. In mammals the thymus and
bone marrow constitute primary tissues while the spleen, lymph nodes and gut associated

lymphoid tissue (GALT) are classified as secondary.
This foregoing classification applies to mammals and cannot be strictly applied to

ectotherms in which some lymphoid tissues are a mix of lymphoid and hemopoietic
organs. The teleost pronephros, for instance, has been compared to mammalian bone
marrow in that it has the capacity to differentiate hemopoietic stem cells. While every line

of hemopoietic differentiation has been observed in this organ (Zapata, 1979), the
pronephros also possesses immune response capacities. This tissue contains cells capable

of antibody production (Smith, 1967), cytotoxic responses (Graves, 1984; Evans et al.,
1984), and phagocytosis (Secombes and Manning, 1982).

The teleost pronephros lies as a sheet of tissue suspended along the dorsal body
wall. It consists of two segments: the anterior portion also called the head kidney, contains

few if any renal tubules. The posterior portion, contains renal structures. Both segments

exhibit hemopoietic as well as lymphoid characteristics. Histologically the pronephros

resembles mammalian bone marrow. In both groups reticular cells form a framework
within stromal cells with blood sinusoids lined by endothelial cells (Zapata and Cooper,
1990).

The thymus, another primary lymphoid organ, serves as a site of T-lymphocyte

maturation. In teleosts, the capacity to reject grafts is correlated with the maturation of
the thymus, and in rainbow trout embryonic thymectomy affects cell proliferation in other

lymphoid organs, as well as allograft rejection and antibody production (Secombes and
Manning, 1982).
The thymus is present in all vertebrates except the Agnatha. In mammals it is an

encapsulated bilobed organ situated above the heart. Histologically it is divided into an
inner medulla composed of mature T-cells and an outer cortex housing the immature cells.
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In teleosts the thymus consists of paired lobes located on each side of the gill cavity with

a continuous connection between the thymus and gill epithelium. The teleost thymus
shows no differentiation into cortical and medullary areas (Chilmonczyk, 1983).

In mammals the spleen is a dominant secondary lymphoid organ. It is an
encapsulated structure in which a red pulp contains erythrocytes and a white pulp contains

leukocytes. In teleosts the splenic lymphoid tissue is less differentiated, and most of the

spleen is composed of red pulp (Secombes and Manning, 1980). The teleost white pulp

contains mostly lymphocytes; macrophages are found in both the red and white pulp.
During development of the rainbow trout spleen lymphoid elements are not seen until 25

days post hatching whereas other lymphoid tissue in the same fish contain lymphoid
elements as early as 3 days post hatching (Grace and Manning, 1980).

Lymph nodes in mammals constitute additional secondary lymphoid organs.
Teleosts do not contain lymph nodes although there is some suggestion that the proneph-

ros should be considered as a homolog of mammalian lymph nodes (Zapata and Cooper,
1990).

Gut associated lymphoid tissue in mammals constitutes an integrated, secondary

lymphoid system associated with the gut mucosa. Whether a similar system occurs in

ectotherms is unclear. All vertebrates possess isolated lymphoid cells scattered in
epithelia of the gut. Among teleosts, antibody secreting cells have been discovered in the

intestinal mucus of plaice (Fletcher and White, 1973), perch (Pontius and Ambrosius,
1972) and carp (Davina et al, 1982). An important immunologic role of the second gut
segment in carp has recently been suggested. The wall of this gut segment contains antigen

presenting and immune complex-binding macrophages along with many lymphocytes
(Rombout et al., 1989a). Antigen specific immunoglobulins were produced by cells in
the intestinal mucosa following anal vaccination with particulate (Vibrio anguillarum)
but not with soluble (ferritin) antigens (Rombout et al., 1986; 1989b).
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AQUIRED AND INNATE IMMUNITY

The mammalian immune system can be divided into two arms: the acquired
(specific) and the innate (nonspecific). Both can further be subdivided into humoral and

cellular components. The humoral component of acquired immunity is mediated by
immunoglobulins. The innate system has many humoral mediators of which the comple-

ment components and C-reactive proteins are examples. The effectors of cell mediated
acquired immunity, the lymphocytes, demonstrate heterogeneity and can be divided into
T-cell and B-cell subpopulations. The effector cells mediating nonspecific responses are

usually phagocytes, the agranular monocyte/macrophage and the granular neutrophil.

Fish are considered the earliest animals with a developed immune system
characterized by cellular and humoral components of acquired immunity. Although fish
and mammals share many aspects of acquired immune mechanisms such as synthesis of

immunoglobulins and lymphocyte heterogeneity, significant differences also exist. But

when fish and mammalian innate immune systems are compared, many more shared
similarities are found. The components of nonspecific immunity common to both fish and

mammals include both structural and functional characteristics of the effector cells, the

phagocytes. This commonality of phagocytic cells within these two groups helps
underline the thesis that the phagocytes are a primitive immune cell type whose function

and structure have been preserved in fairly distant phylogenetic groups.

Acquired Immunity

In mammals, humoral immunity is mediated by five classes of immunoglobulin

molecules which differ in molecular size and other properties. These include the
immunoglobulins IgM, IgG, IgA, IgD, and IgE. Although IgM is the only
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immunoglobulin class present in all the fish groups so far investigated, structural
variations of this molecule do exist in some fish. In the lamprey, for instance, the
immunoglobulin molecule lacks disulfide bonds and dissociates easily in buffers
(Marchalonis, 1977). Two types of immunoglobulins are found in the skate (Raja
kenojei), a high molecular weight pentameric and a low molecular weight dimeric form.

In addition, the heavy (H) chains of these two types of molecules differ from each other
not only in their molecular weight, but also in their antigenic determinants (Tomonaga et
al., 1985). These two forms of Ig in the skate are also synthesized by separate populations

of immunoglobulin-producing cells (Tomonaga et al., 1984). For teleosts the classical
thinking has been that the IgM molecule is composed of only one type of heavy chain and

one type of light chain which can associate to form either monomers or tetrameres (Jurd,
1984). Evidence suggests, however, that heterogeneity in both the heavy and light chains
may exist in some groups. In the catfish, two different H chains have been identified which

have the same mass but differ in other aspects of their structure (Lobb and Olson, 1988).
Different L chains also exist in catfish. With the use of mAb three molecular mass species
of L chain were observed, two of which were shown to be structurally different by peptide-

mapping procedures (Lobb and Clem, 1984). In another marine teleost, Archosargus
probatocephalus, a dimeric Ig occurs in the bile. The molecular weight of the H chain
molecule differs from that of the H chain of the Ig found in serum (Lobb and Clem, 1981).

Monoclonal antibodies raised against rainbow trout IgM have failed to show different
heavy chain types (Thuvander et al., 1990). Different forms of L chains of rainbow trout

IgM have also not been reported.
Acquired cell mediated immunity (CMI) can be demonstrated by the response of

the body to foreign tissue transplants. Using scales or skin grafts, allograft rejection has

been shown to occur in teleosts as it does in mammals. Histological patterns of cellular
reaction at the rejection site as well as accelerated rejection of second set grafts are similar
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in both fish and mammals (Botham, 1980; Rijkers, 1982). CMI is mediated by mature T-

lymphocytes and is thus thymus-dependent in mammals (Hood et al., 1984) . In carp the
ontogenesis of allograft reactivity correlates with the maturation of the thymus (Botham
and Manning, 1981). In trout the development of allograft rejection can also be related to
the maturation of the thymus as evidenced by a study of newly hatched fingerlings. Scales

grafted into five day old fingerlings were not rejected until day 14-20 when lymphocytic

infiltration occurred. At day 5 the thymus contained no mature lymphocytes; these
appeared in the thymus only at day 14-20 (Secombes and Manning, 1983).
Fish lymphocytes also display functional heterogeneity and can be identified on

the basis of characteristics that separate mammalian T-and B-cell populations. For
example, they possess the ability to respond to the classical mammalian T and B cell
mitogens, Con A and LPS (Etlinger et al., 1976; Faulmann et al., 1983; Caspi et al., 1984).

Fish lymphocytes can also be separated on the basis of the presence or absence of surface
immunoglobulins. When a population of catfish lymphocytes is "panned" with monoclonals

raised against catfish Ig' s, surface Ig (sIg)

positive and sIg - negative cells can be

identified (Sizemore et al., 1984; Lobb et al, 1984). In mammals, sIg positive cells have

been identified as B-cells and sIg negative cells as T-cells (Trowbridge et al., 1975).

Lymphocyte subpopulations have also been identified in carp (Caspi et al., 1980;
Secombes et al., 1983), goldfish (Warr et al, 1976) and rainbow trout (Warr et al., 1979;

Deluca et al., 1983).
Several lines of evidence suggest that fish possess both humoral and cell mediated

aspects of acquired immunity similar to the mammalian system. Fish secrete immunoglo-

bulin, reject allografts, and contain T and B- cell lymphocyte subpopulations. In addition

to common characteristics shared with the mammalian acquired immune sytem, the
innate or nonspecific immune system of fish also resembles that of mammals in many
morphological and functional ways.
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Innate Immunity

If the hallmarks of acquired immunity are specificity and memory, innate
immunity, unlike acquired immunity, is thought of as a nonspecific barrier against many

different infectious agents. Elements of this system include external skin, serum-borne
proteins, and defensive cells, the phagocytes. Because several days are needed to mount
a specific, acquired immune response, participants of innate immunity serve as the first
line of defense against foreign invaders and thus are critical to the health of the organism.

The simplest way to avoid infection is to prevent entry of the pathogen. This can
be accomplished by physical barriers such as the external skin, and by surface secretions

such as mucus, tears, and saliva. These fluids contain lysozyme, an enzyme with
bactericidal action due to its ability to break a bond in the cell wall of susceptible bacteria.

In fish non-lymphoid innate defense mechanisms exist similar to those in mammals

(Rijkers, 1982; Alexander, 1985). In addition to the mechanical barriers of outer
integument and secreted mucus, lysozymes have been found in the serum and secretions

of fish (Fange et al., 1976; Fletcher and White, 1976). Lysozyme activity has also been
found in the mucus layer of the outer skin in plaice (Fletcher et al.,1973) and in channel
catfish (Ourth, 1980).

One of the humoral mediators of innate defense is the complement system.
Activation of this system results in the activation of plasma enzymes which, when acting
together, result in the formation of a membrane attack complex composed of complement

fragments C5-9. The binding of this complex to the cell membrane of a pathogen creates

membrane lesions which allow leakage of cell contents. In mammals two converging
pathways occur, the classical, which requires antibody, and the alternate pathway, which
can be triggered by certain microorganisms. Both pathways lead to the production of C5-

convertase which initiates the lysis of target cells. The mammalian complement system
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has been studied in detail and the structure and function of the components and their
interactions have been analyzed (Ross, 1986).
Fish contain complement components which share many structural and functional

similarities with those of the mammalian system. Similar results have recently been
reported for carp (Cyprinus carpio) complement components (Yam, 1994). In Agnatha,
complement activity has been described although its primary function may be to promote

phagocytosis rather than cell lysis (Fujii & Murakawa, 1981; Nonaka, 1985). The six-

component complement system of the nurse shark, Ginglymostoma cirratum, shares

similarities with some components of the mammalian complement system (Jensen,
1981). Among teleosts, rainbow trout complement can be activated by both antibody-

dependent and independent pathways similar to mammalian classical and alternative
systems (Nonaka et al., 1981). Both complement pathways also appear to exist in the tuna,

Thunnus alalunga (Giclas et al., 1981). Only the alternative system, however, seems to
occur in the channel catfish (Ourth, 1981) and the carp (Kaastrup & Koch, 1983).

Another circulating humoral factor mediating innate immunity is C-reactive
protein (CRP). Levels of CRP increase following inflammation or infection and its role

in mammalian host defense is related to complement activation, opsonization and
cytotoxicity by killer cells (Volanakis et al., 1989). This acute-phase protein is present in

all mammals examined.
In teleosts CRP has been found in plaice (Balbo and Fletcher, 1973; Pepys et al.,

1982), dogfish (Robey et al., 1983), and rainbow trout (Winkelrake and Chang, 1982;
Murai et al., 1990). The role of CRP in fish defense mechanisms is not as well established

as it is in mammals. Salmonid fish have been shown to rapidly mount an early resistance

to pathogens before signifcant rise in antibody occurs (Bernard et al., 1983). There is
some evidence that CRP may play a role in this early resistance. In the plaice CRP levels

have been shown to increase in response to treatment with inflammatory agents such as
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carrageenin or LPS (White et al., 1981). In rainbow trout CRP levels increased after
immunization with bacteria, Vibrio anguillarum, emulsified with Freund's Complete
Adjuvant. In these same fish macrophage phagocytic activity was also enhanced and it
was suggested that the presence of CRP in the serum may have had an opsonic effect on

phagocytosis (Kodama et al., 1989). In addition to opsonization, CRP may also
contribute to early defense mechanisms by activating complement. When rainbow trout

complement was incubated with a mixture of purified CRP and a bacterial polysaccharide, complement activation occurred in direct proportion to the amount of CRP present

(Nakanishi et al., 1991). These studies suggest that defense mechanisms of fish may

parallel mammals where CRP has been shown to have an effect on opsonization
(Kilpatrick & Volanakis, 1985) and complement activation (Claus et al., 1977).
Alpha 2-macroglobulin (a-2M) is another serum protein which may play a role
in innate immunity. This glycoprotein occurs in a variety of vertebrate species including

mammals, birds, reptiles ,amphibians, and fish (Starkey & Barrett, 1982). Domains
within it have been found to be homologous to domains within the complement proteins

C3 and C4 (Starkey, 1983). As a proteinase inhibitor, a-2 M may function to defend
tissues from proteolytic assault. Complexes of a-2 M and proteinases are taken up by

macrophages in a receptor mediated process which helps to clear biological fluids of
injurious agents (Kaplan & Keogh, 1983). The exact role played by a-2 M in mammalian

immunity, however, has not been clearly resolved and some controversy remains
(Petersen and Moestrup, 1990).

All fish species tested have been shown to possess a molecule functionally
equivalent to human a-2 M. In plaice an a-2 M molecule has been described which
shares the same inhibitory properties of the mammalian counterpart and is thought to be
homologous to the more complex human protein (Starkey et al., 1982). In rainbow trout
a role for a-2 M in disease resistance has been demonstrated by the ability of this protein
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to inhibit a toxic protease produced by a fish pathogen, Aeromonas salmonicida (Ellis,

1987). The inhibitory activity of a-2 M differs among trout species, however. For
example, both brook trout and rainbow trout are susceptible to a bacterial disease but

infected rainbow trout suffer a lower mortality in comparison to the other species
(Cipriano, 1983). Although the serum levels of a-2 M were similar in the two infected
groups, the proteinase inhibitory ability of the brook trout molecule was significantly less

than that of the rainbow trout (Freedman, 1991).

PHAGOCYTIC CELLS OF INNATE IMMUNITY

If pathogens penetrate the first set of barriers and gain access to the body, they
encounter cellular effectors of innate immunity. These cells, the monocyte/macrophages

and neutrophils (polymorphonuclear cells, or PMNs), eliminate the foreign invaders by

engulfing (phagocytosis) them and by intracellular and extracellular killing of the
pathogens. Neutrophils and macrophages have been identified in many tissues of fish
species examined. These cells resemble their mammalian counterparts in morphological

characteristics, cytochemical staining , and in their phagocytic and killing activities.

Ontogeny

Mammalian macrophages and neutrophils are derived from a common myeloid

stem cell in the bone marrow which gives rise to precursors of erythrocytes and
megakaryocytes as well as phagocytic cells. Under the influence of at least three purified

and well characterized stimulatory factors, colony stimulating factor (CSF), macroph-

age-colony stimulating factor (M-CSF), granulocyte-macrophage stimulating factor

(GM-CSF), the common macrophage/granulocyte stem cell differentiates through a
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series of developmental stages to give rise to committed monocyte and granulocyte blast

cells (Metcalf, 1989). Mature monocytes then circulate in the peripheral blood and
differentiate into macrophages only upon migration into tissues. In mammals, tissue or
"fixed" macrophages exist as several subpopulations that include alveolar macrophages
of the lung, hepatic Kupffer cells, dermal Langerhans cells, and peritoneal macrophages
(Go lde and Hocking, 1982). Macrophages isolated from different tissues are phenotypi-

cally and functionally distinct from each other (Gordon et al, 1986).
Little is known about the ontogeny of fish phagocytes. It has been assumed that
since mammalian phagocytes originate from hemopoietic tissue of the bone marrow, in

teleosts these cells might likewise originate from hemopoietic tissue, the pronephros.

Blast cells of neutrophils have been reported in this organ, and they are similar in
morphology and staining properties to their counterparts in mammalian bone marrow
(Ellis, 1977). In embryonic rainbow trout, erythropoiesis occurs in both the pronephros
and in the spleen (luchi and Yamatoto, 1983). In addition, macrophages and erythrocytes

have been identified in the post-hatch trout pronephros before the organ has become
lymphoid, suggesting that production of these two myeloid cell types may occur in this

organ (Grace et al, 1981).

Morphology

Macrophages

Morphological characteristics of mammalian macrophages include a large diam-

eter of 15-30 gm. Wright's or Giemsa stains reveal abundant basophilic cytoplasm
containing vacuoles and ingested materials. The oval or round nucleus is relatively small

and in a smear preparation pseudopods are present (Dodd, 1979; Zapata and Cooper,
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1990). Electron microscopy shows enlarged Golgi apparatus with abundant cytoplasm
(Bloom and Fawcett, 1975).

Macrophages resembling mammalian cells have been reported in a variety of
tissues of representative teleosts. Plaice pronephros, gonads, gills, spleen, peritoneum,
and peripheral blood contain large (15-20 gm) diameter cells which resemble mammalian

macrophages when stained with Leishman's stain (Ellis, 1976). Resident peritoneal cells
stained with Leishman's stain include large cells with rounded nuclei occupying most of

the cytoplasm. Electron microscopy shows numerous mitochondria (MacArthur et al,
1984). The pronephric macrophages of rainbow trout are 8-12 gm in diameter with bean
shaped nuclei and abundant cytoplasm (Braun-Nesje et al., 1981). When these pronephric

macrophages are maintained in culture (Braun-Nesje et al., 1981; 1982), the in vitro

morphological characteristics are similar to those reported for cultured mammalian
macrophages (Morland and Kaplan, 1977). After a period in vitro, cells of both animal

groups show increased adherence and spreading, ruffling of the membrane, increased

presence of surface ridges and villi, extension of thin pseudopods, and an increase in
diameter to 60-100 gm. The fish cells differed only in that they needed to spend a longer

time in culture in order to achieve the same amount of adherence and spreading as the
mammalian cells.

Neutrophils

Neutrophils are the most abundant of the mammalian white blood cells, constitut-

ing 55-65% of the total leucocyte population of a healthy organism. When mature, they
are motile, amoeboid and measure 10-12 gm in diameter. A key characteristic is the shape

of the nucleus, which usually consists of 2-5 lobes that appear to be interconnected by

delicate strands. The cytoplasm stains basophilic with Giemsa and contains many
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granules (Bloom and Fawcett, 1975). Some of these granules contain alkaline phosphatase, and other larger ones called azurophil granules contain localized myeloperoxidase

(Bainton et al., 1971). Other cytoplasmic organelles are difficult to see with the light

microscope but electron microscopy reveals small Golgi apparatus, many glycogen
particles, and very few mitochondria (Zapata and Cooper, 1990).
Mammalian neutrophils are called polymorphonuclear because of the multilobed

shape of the nucleus. The shape of the fish neutrophil nucleus varies from species to
species. In catfish (Ellsaesser et al., 1985) and plaice (MacArthur et al., 1984) it is round

or oval while in rainbow trout (Peters et al., 1991) and other salmonids (Yasutake and
Wales, 1983) it is multilobed. Neutrophils are also not as abundant in fish blood as they
are in mammals. In brown trout they account for about 25% of the leukocytes (Blaxhall

and Dais ley, 1973), and in goldfish 1-2% (Watson et al., 1963). In morphological
characteristics, however, fish and mammalian neutrophils share many similar characteristics. The catfish blood neutrophil has a diameter of 5-15 p.m with a large cytoplasm:nucleus

ratio. The cytoplasm contains few elongated mitochondria with many azurophilic
granules and glycogen particles. No vacuoles are observed (Cannon et al., 1980). The
rainbow trout pronephric neutrophils are large polymorphic-nucleated cells. The basophilic cytoplasm contains many granules (Braun-Nesje et al., 1982; Peters et al., 1991).
Neutrophils similar in morphology to mammalian cells have also been described in plaice

(Ferguson, 1976), and carp (Smith et al., 1970; Temmink and Bayne, 1987).

Cytochemistry

In addition to morphological studies, cytochemical staining has provided an
additional method for the classification and identification of phagocytic cells. Sudan
Black B, for instance, is considered the best identifiying cytochemical stain for mamma-

lian neutrophils, while esterase staining is regarded as the most reliable cytochemical
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marker for mammalian macrophages (Yam and Crosby, 1971; Kap low, 1981; Chayen,
1983).

In studies of fish phagocytes, these two cytochemical markers have provided
confirmation of the identification of neutrophils and macrophages as similar to their
mammalian counterparts. Esterase positive cells have been identified as macrophages
based on morphological and functional characteristics in plaice (MacArthur et al., 1984),

rainbow trout (Plytycz et al., 1989), and catfish (Ellsaesser et al., 1985; Finco-Kent and

Thune, 1987). Neutrophils staining with Sudan Black B have been similarity described
for plaice (Ellis, 1976), rainbow trout (Blaxhall and Daisley, 1973; Plytycz et al., 1989),

and catfish (Finco-Kent and Thune, 1987; Ellsaesser et aL, 1985).

PHAGOCYTOSIS

In addition to morphological and cytochemical similarities, fish phagocytes also

share some functional characteristics with mammalian phagocytes. One such shared
function is the ability to phagocytose particulate matter. In mammals both neutrophils and
macrophages are capable of phagocytosis, and the importance of this process in maintaining the health of the host against infection is well established (Bellanti and Dayton 1975).

Phagocytosis as a defense mechanism in fish has also been shown (Ellis 1977; Rijkers
1982). Phagocytosis by fish macrophages and neutrophils is similar in many respects to

this process in mammals, although some differences exist.

Occurrence

All fish macrophages studied so far have demonstrated their capacity for phago-

cytosis. Leukocytes capable of phagocytosis occur in goldfish (Weinreb and Weinreb,
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1969; Watson et al., 1963), turbot, Scophthalmus maximus (Ferguson and Roberts 1975),

and carp, Cyprinus carpio (Avtalion and Shahrabani, 1975; Temmink and Bayne, 1987).

Following an IP injection of colloidal carbon, plaice macrophages containing ingested

particles were recovered from the peritoneal cavity, spleen, pronephros, and cardiac
intermuscular spaces; no carbon-containing cells were observed in the gills, liver, or
thymus (Ellis et al., 1976). In the plaice, peritoneal macrophages elicited by glycogen and

bacteria were also observed to be phagocytic (MacArthur et al., 1984). In rainbow trout,

bacteria injected into the peritoneal cavity, periorbital space and muscles resulted in
lesions populated with phagocytosing macrophages (Finn and Nielson, 1971). In vitro

phagocytosis of latex beads was demonstrated by elicited rainbow trout peritoneal
macrophages (Zelikoff, 1991). Trout pronephric macrophages also phagocytized yeast
cells (Peters, 1991) and SRBC's (Braun-Nesje, 1982) in vitro.

The neutrophil is also a major phagocytic cell in mammals. Evidence for the
phagocytic capability of fish neutrophils, however, is contradictory. Several investigators

have reported the absence of phagocytosis by fish neutrophils. Cells identified as
neutrophils in rainbow trout (Klontz, 1972), in plaice (Ellis et al., 1976), and in channel

catfish (Cannon et al., 1980) failed to show phagocytosis. In one representative experiment with channel catfish phagocytes, 58% of esterase positive cells (macrophages) but

none of the Sudan Black B positive cells (neutrophils) were phagocytic for polystyrene

beads (Ellsaesser et al., 1985). Phagocytosis by fish neutrophils, however, has been

reported by others. Rainbow trout peritoneal neutrophils were capable of ingesting
particles during an experimentally induced inflammatory response (Finn and Nielson,
1971). In the same species, 27% of peripheral blood leukocytes demonstrated phagocy-

tosis of bacteria; 57% of the phagocytes were macrophages, the remaining 43% neutrophils (Griffin, 1983). Plaice peritoneal neutrophils elicited by glycogen or bacteria were

observed to be capable of phagocytosis (MacArthur et al., 1984). Rockfish peripheral
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blood neutrophils showed phagocytosis of bacteria in vitro (Suzuki, 1984). In vitro

phagocytosis of yeast cells has also been reported for brown trout peripheral blood
neutrophils (O'Neil, 1983). Channel catfish peripheral blood neutrophils showed in vitro
phagocytosis of bacteria by a highly quantitative assay utilizing 3H-uridine. This isotope
is incorporated into bacterial mRNA at a rapid rate due to its high turnover rate in bacteria.

Neutrophils in this study were shown to be capable of 3H-uridine uptake confirming their

capacity for phagocytosis (Finco-Kent and Thune, 1987).
Macrophages and neutrophils in fish appear to differ in their phagocytic capacities. In several studies involving phagocytosis by both cell types, the macrophage always

displayed a greater capacity for this process (MacArthur et al., 1984; Suzuki, 1984;

Finco-Kent and Thune, 1987). The basis for this difference is not clear. It has been
suggested that the neutrophil' s capacity for phagocytosis may vary depending on its state

of activation and on its location within the body (MacArthur et al., 1984).

Mechanisms

Phagocytosis proceeds as a sequential, ordered process that can be divided into
three stages: 1.) recognition and attachment 2.) engulfment and ingestion 3.) killing and

digestion. In general, this process is similar at all phylogenetic levels (Bayne, 1990).
Before attachment occurs, the mobile phagocyte must locate the foreign object,
often relying on movement in response to chemical stimulants. This phenomenon in fish

seems to share many characteristics with the chemically stimulated movement of
leukocytes in mammals. Chemostimulatory agents are either host or pathogen derived
(Gal lin and Quie, 1978). As an example of a pathogen-derived stimulus, rainbow trout

pronephric leukocytes migrate in response to antigen extracts of a parasite,
(Diphyllobothrium dendriticum) (Sharp et al., 1985). Supernatants from bacterial cul-
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tures (Vibrio alginolyticus) caused the migration of turbot (Scopthalamus maximus)
leukocytes in an in vitro assay (Burrows and Fletcher, 1989). Host-derived factors which

influence cell migration of leukocytes can also be demonstrated in fish. In the presence
of activated plaice serum, peripheral blood leukocytes showed enhanced random migra-

tion (MacArthur et al., 1985). Nurse shark (Ginglymostoma cirratum) leukocytes
showed a migratory response with activated rat serum but not with endotoxin-activated

shark plasma; the chemotactic properties of rat serum were thought to be due to the

generation of complement components (Obenauf and Smith, 1985). In dogfish
(Scyliorhinus canicula) Leukotriene B4 (LTB4), a mediator of inflammation, was shown

to induce enhanced peripheral blood granulocyte migration (Hunt and Rowley, 1986).

Once the phagocyte has responded with migratory behavior to one of several
stimulatory signals, attachment and ingestion of the particle occurs. Phagocytic cells
constantly encounter particulate material, yet not all particles are ingested to the same
extent. The extent of phagocytosis depends on a number of factors including the nature

of the particle, its size, and the particle number to cell number ratio (Gadebush, 1982).
Uptake of certain particles may be enhanced by serum factors called opsonins (Walter and

Papadimitriou, 1977). Particles coated with IgG directed against their surface are
attached to phagocytic cells by means of receptors for the Fc portion of the immunoglobulin (Arend and Mannik 1973). Another opsonic serum factor is the molecule C3b that

is generated during activation of the complement cascade. This molecule binds to the
particle via a labile binding site. The particle can then be bound to the phagocytic cell by
means of a C3b receptor via a different, stable binding site (Lay and Nussenzweig 1968;

Griffin et al., 1975).

Initial observations on the role of opsonization in fish phagocytosis failed to
demonstrate Fc or complement receptors on leukocytes of the elasmobranch dogfish or
plaice (Wrathmell and Parish, 1980). The absence of IgG Fc receptors on these cells was
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not unexpected since fish immunoglobulin is pentameric IgM; however, the occurrence
of a monomeric IgM and its Fc receptor was thought possible. The presence of opsonin

receptors resembling their mammalian counterparts was eventually reported in fish.
When rainbow trout peripheral blood phagocytes were incubated with bacteria (Yersinia

ruckeri) pre-exposed to normal or immune serum, the phagocytic index was greater for

the immune as compared to the non-immune serum treated bacteria (Griffin, 1983). In
a study using coho salmon and rainbow trout peritoneal phagocytes, bacteria coated with

serum raised against the specific pathogens were also phagocytosed to a greater degree
than untreated bacteria (Sakai, 1984).
Lectin-like molecules on the mammalian phagocytic cell membrane interacting

with specific sugars on the particle surface may be yet another way phagocytosis is
mediated (Weir and Ogmundsottir, 1977). Lectins may play a similar role in fish. A lectin

has been identified on ova of a Japanese trout (Oncorhynchus rhodurus) which appears

to bind to a lectin receptor on homologous macrophages (Ozaki et al., 1983).

KILLING MECHANISMS OF PHAGOCYTES: THE RESPIRATORY BURST

Phagocytic cells are specialized for the ingestion and destruction of invading
microorganism. When phagocytic cells are stimulated by such organisms a repertoire of

biochemical events is normally triggered in the cell which results in the killing of the
organism. Killing can occur both intracellularly and extracellularly. Intracellular killing
can be achieved by means of acid, lactoferrin, lysozymes, and other molecules and ions.
Acid is used for killing of pathogens in the phagocytic vacuole where the environment is

at a pH which is microbicidal for certain acid-sensitive organisms (Mandell, 1970).
Lactoferrin is an iron-binding protein present in leukocyte granules (Masson, 1969). Its
microbiostatic properties stem from its ability to chelate iron which organisms require for
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growth (Kirkpatrick, 1971). Because most organisms are resistant to the lytic actions of
lysozymes unless already damaged in some way, lysozymes are thought of as serving a

digestive rather than a microbicidal role in phagocytes. A synergistic relationship,
however, may still exist between lysozymes and other antimicrobial systems.

In mammals

Superoxide anion (02 )

Although phagocytes have been traditionally thought of as responsible mainly for

elemination of unwanted elements and bacteria, they are also secretory cells of extraor-

dinary potential whose products are effective in extracellular as well as intracellular
killing. Examples of such secreted products from phagocytic cells are toxic oxygen
metabolites produced during a process termed the "respiratory or oxygen burst". This is

one of the main mechanisms by which cells kill invading organisms. The biochemical

basis for the oxygen burst is the reduction of oxygen to 02 (superoxide anion) at the
expense of NADPH. This reaction is catalyzed by the NADPH-oxidase enzyme complex:

202 + NADPH > 202 + NADP+ + H+

NADPH is the source of electrons for the reduction of 02 and as such is the limiting

substrate in the above equation. The source for NADPH is the oxidation of glucose
catalyzed by the dehydrogenases of the hexose-monophosphate-shunt of glycolysis. The
production of NADPH from glucose is regulated by the concentration of NADP+ , one of

the end products of the oxygen burst. NADPH production from glucose is accelerated by

the presence of increased concentrations of NADP+ and decreased by diminishing
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concentrations of NADP+ (Voetman et al., 1980). Superoxide is the first reactive oxygen

metabolite formed during the respiratory burst. The production of 02 plays an important

role in the health of the individual as demonstrated in patients whose ability to produce
the superoxide radical is defective. Such a defect is known to occur in human leukocytes

and gives rise to the condition known as chronic granulomatous disease (CGD). This is
a genetic disorder, with either x-linked or recessive autosomal inheritance. Because of the

inability to produce a respiratory burst, frequent recurring infections are common for
people with CGD and before the advent of antibiotics often led to early death (Holmes et

al., 1966; Boehner, 1975). Some patients with CGD have been reported to lack
cytochrome b, a key component of the NADPH-oxidase (Segal et al, 1978). The lack of
cytochrome b does not appear to be a universal condition of CGD, however, since some
patients unable to produce superoxide still possess this protein (Borregaard et al, 1979).

Hydrogen peroxide (H202) and Hydroxyl radical (OW)

The superoxide anion plays an unquestionably crucial role in the elimination of
pathogens, by serving as a substrate for several other reactive oxygen metabolites which

in turn serve as potent bactericidal agents. Hydrogen peroxide (H202), the hydroxyl
radical (OW), and products of the myeloperoxidase system are all secondary reactive
metabolites whose production depends indirectly or directly on superoxide.

Hydrogen peroxide is produced by the dismutation of 02 either spontaneously
or catalyzed by superoxide dismutase:

202 + 2H+ --) H202 + 02
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Once hydrogen peroxide is present, the oxygen radical 02 may then react with
this in a copper-catalyzed reaction to form the highly reactive and toxic hydroxyl radical

OW:

02 + H202

OH + OH- + 02

Both hydrogen peroxide and the hydroxyl radical are metabolites which contrib-

ute significantly to the microbicidal activity of phagocytes

Myeloperoxidase

In addition to hydrogen peroxide and the hydroxyl radical, phagocytes possess yet

another enzyme system with the potential to produce a bactericidal product. This enzyme

system belongs to the general family of peroxidases which are heme-containing proteins

present in many mammalian tissues. Peroxidases catalyze the oxidation by hydrogen
peroxide of a number of different electron-donating substances. The peroxidase present

in human neutrophils is known as myeloperoxidase (MPO) and its properties are well

characterized. In phagocytic cells MPO catalyzes the oxidation of chloride ions by
hydrogen peroxide to free chloride and hypochlorous acid, a highly reactive oxidizing
agent (Morrison and Schonbaum, 1976):

Cl- + H202 > HOC1 + H2O

The MPO-H202-halide anti-microbial system is one of the most powerful
weapons used by phagocytes and is toxic to a wide variety of organisms as well as to
certain mammalian cells themselves (Klebanoff, 1982).
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Effective as the myeloperoxidase system is in producing powerful antibacterial

agents, it is not present in all phagocytes. Neutrophils contain large amounts of MPO.
Monocytes also contain MPO but to a lesser degree than neutrophils; this enzyme is lost

when the monocyte enters the tissues and is never re-expressed (Cohn, 1986). There is
some evidence, however, that those phagocytes which lack endogenous MPO can acquire

and use this enzyme secondhand from dead neutrophils (Heifets et al., 1980).
Although it is clear that the germicidal activity of H202 is increased many fold by

peroxidase in cells where it is present, the clinical significance of this killing mechanism
has not been firmly established. For instance, although MPO deficiency is widespread in
the population, a lack of MPO is usually symptomless and patients lacking MPO activity

do not show increased susceptibility to infection (Parry, 1981). This may be because
bactericidal methods available to phagocytes are so numerous and redundant that few

bacteria survive even if one mechanism is absent (Smolen, 1989). Another possible
explanation is that, as a result of MPO' s effective killing power, susceptible organisms

may not have evolved into human pathogens (Segal, 1989).

Although the importance of its cytotoxic-producing properties is in question,

MPO plays an important role in the modulation of several neutrophil functions. For
instance, phagocytosis of opsonized yeast by MPO-deficient neutrophils was enhanced

>200% over normal cells and the rate of N-formylmethionyl-leucyl-phenylalanine
(FMLP) stimulated superoxide production by the same cells was reduced by 30-40%. The

persistance of superoxide production increased from 5 minutes in normal cells to 10-15
minutes in cells lacking MPO. When purified MPO was added to cultures containing the

hyperactively phagocytosing enzyme-deficient cells, phagocytosis was significantly

reduced (Stendahl, 1983). In addition to modulating phagocytosis and superoxide
production, MPO also appears to play a role in inactivating chemotactic agents which
originally trigger secretion of the enzyme (Clark, 1982).
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NADPH-oxidase

The production of superoxide is catalyzed by the NADPH-oxidase enzyme
complex. This complex is a multicomponent electron transport chain whose function is
to transfer electrons from high energy, low potential glucose to low energy, high potential
oxygen. The oxidation of NADPH by this enzyme results in the reactive superoxide anion

which serves as a substrate for other reactive metabolites which can then supply the

phagocytic cells with their microbicidal armature. Knowledge about the enzyme's
structure, mechanisms of action, and biochemical pathways is therefore important in
understanding some of the mechanisms of innate immunologic defense processes.
NADPH-oxidase is a membrane-bound enzyme and the generation of superoxide

by this enzyme system does not require the presence of cytoplasmic organelles or nuclei
(Berton,

1982; Roos et al, 1983).

It has been suggested that plasma membrane

localization of the enzyme which catalyzes the production of 02 would be an advantage
to the phagocytic cell in enabling the cell to produce superoxide radical only in the region

of the membrane in contact with the phagocytic target (Ohno et

al, 1982).

Evidence now suggests that the oxidase is in fact an electron transport chain
composed of 3 redox components, a flavoprotein (FAD), cytochrome b, and ubiquinone.
It is the sequential relay of electrons from NADPH to FAD to cytochrome b to ubiquinone

to 02 which results in the production of superoxide radicals and other reactive metabolites.

In addition to the redox components, cytosolic components essential to oxidase
activity have also been proposed. Although oxidase activity in activated cells has been

shown to reside in the plasma membrane, in resting human neutrophils an oxidase
component which binds NADPH is located in the cytoplasm. The hypothesis has been

proposed that this 66-67 kDa protein resides in the cytosol and is transferred to the
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membrane during the activation process, where it participates in the respiratory burst by

binding NADPH (Smith et al., 1989). The discovery of cytoplasmic components as
contributory factors in oxidase activity indicate that the make-up of NADPH-oxidase
may be more complex than originally thought; an understanding of the role of the cytosol

components in the activation process may lead to a better understanding of respiratory

burst defects. For instance, defects in two of the cytosolic components have been
identified as responsible for two biochemically distinct forms of CGD (Curnutte et al.,
1989.)

Activation of NADPH-oxidase

Although circulating phagocytes and phagocytes found in the tissues contain all
the enzymatic components for an oxygen burst response and are continually surrounded
by 02, they do not produce superoxide until stimulated by an appropriate signal. The key

question of how NADPH-oxidase becomes activated is the subject of intense study. The
stimuli which change the enzyme complex from a resting state to an active state include
particulate as well as soluble products. A list of these stimuli includes immune complexes

and antibody-coated particles, complement fractions, chemotactic agents, leukotrienes,

endotoxins, mitogens, phorbol myristate acetate (PMA), calcium ionophores,
phagocytosable particles and charged surfaces such as glass (Jones, 1988).

The activation of the respiratory burst has been most thoroughly studied in
phagocytes stimulated with chemoattractants such as N-formyl peptide (FMLP). The
binding of this peptide to its receptor initiates a biochemical response which results in the

activation of NADPH-oxidase and the subsequent release of superoxide anion. The first

step of this biochemical pathway is the hydrolysis of a membrane phospholipid,
phosphatidyl inositol phosphate (PIP2) which is catalyzed by the enzyme phospholipase
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C when it is activated by the binding of a ligand to a receptor. The hydrolysis reaction
yields two products: inositol triphosphate (1P3) and diacyl glycerol (DAG). The latter
product can go on to activate protein kinase C which may in turn activate the oxidase by
phosphorylating an oxidase-associated protein. Inositol triphosphate in turn can go on to
release intracellular calcium; the increase in cytosolic Ca2+ also activates protein kinase

C and thus can go on to activate the oxidase (Lambeth, 1988).
Stimulants other than those which are receptor- mediated act by affecting various

steps along this phospholipid metabolic pathway. PMA, for instance, resembles DAG
and can act as an analogue to activate protein kinase C . Ca2+ ionophores have their effect

by increasing the intracellular levels of calcium and thereby activating protein kinase C
(Tauber, 1987).

Many cell surface receptors have been reported to mediate their biological
responses through G-proteins. GTP-proteins have been identified in human neutrophil
membranes and are thought to play a role in the activation of NADPH-oxidase through

the phosphoinositol turnover pathway (Snyderman et al, 1990).
The signal-transduction mechanisms observed so far in phagocytic cells which

result in the activation of the respiratory burst enzyme seem to follow similar patterns
as in other excitable cells. In addition to shared biochemical pathways, the magnitude of

the receptor-mediated responses are directly proportional to the fraction of receptors

occupied by the ligand in phagocytic cells. PMA is a complex lipid that is bound by
specific receptors in human neutrophils. A direct relationship between receptor occu-

pancy and superoxide production was observed when PMA-stimulated production of
superoxide anions was plotted against the number of receptors occupied (measured by

concentrations of PMA and Scatchard plot analysis) (Lehrer and Cohen, 1981). For
FMLP, the maximum rate of 02 production was reached when 10% of the receptors for

this peptide were bound (Sklar et al, 1985).
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In summary, the respiratory burst is one of the most effective mechanisms by
which phagocytic cells kill microorganisms. The respiratory burst includes the conversion of oxygen to the superoxide anion and other subsequent reactive oxygen metabolites
such as hydrogen peroxide, the hydroxyl radical, and the products of the MPO system. The

respiratory burst oxidase, NADPH-oxidase, is a complicated enzyme complex. It appears

to be composed of three subunits (with other possible cytosolic components) which are
activated by signal-transduction mechanisms common to many cells. Because the enzyme

complex may consist of components found in the membrane as well as in the cytosol, the

phagocytic cell makes an interesting model for studying cellular activation mechanisms

that involve interaction between membrane and cytosolic components.

In Fish

The respiratory burst has been described in several species of fish. Although not
as well studied as in mammals, the production of superoxide by fish phagocytes appears

to resemble the mammalian oxidative burst in several ways. First, the kinetics of the
response depend on the nature and concentration of the stimulant as it does in mammals.

Secondly, NADPH-oxidase appears to exist in all the fish phagocytes examined and the
mechanisms of activation of this enzyme complex appear to resemble those described in
mammals. And thirdly, evidence suggests that the production of reactive oxygen species

in both mammals and fish plays a crucial role in the defense of the organism against
invading pathogens.
The production of superoxide by fish phagocytic cells was originally described in

channel catfish, Ictalurus punctatus. Peripheral blood phagocytic cells stimulated in vitro

with opsonized zymosan produced superoxide in direct proportion to the amount of
zymosan present (Scott and Klesius, 1981). The amounts of hydrogen peroxide and
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superoxide produced by catfish peripheral blood neutrophils have been shown to depend
on the nature and concentration of the stimulant . Particulate stimulants such as zymosan

and bacteria (Aeromonas hydrophila) had a stronger and longer effect on the production
of reactive oxygen species as compared to the soluble stimulants LPS and PMA; although

the effect of the latter resulted in more rapid responses, the duration and magnitude of the

responses were less. When catfish and human neutrophils were compared, there were
striking differences in the amount of respiratory burst product formed. Both PMA and
zymosan stimulated a higher level of both hydrogen peroxide and superoxide production

in human neutrophils (Dexiang and Ainsworth, 1991).
In addition to the channel catfish, several other teleost species have been subjects

of respiratory burst studies. Phagocytes from the pronephros of striped bass, Morone

saxatalis, produce superoxide in vitro when exposed to bacteria, and the quantity of
superoxide produced is related to the number and species of bacteria used (Stave et al.,

1983). The oxygen burst in striped bass phagocytes has also been shown to be dose
dependent for stimulation by PMA and zymosan (Stave et al., 1984). In plaice, Pleuronectes

platessa, in vitro incubation of pronephric and peritoneal- derived neutrophils with Vibrio

alginolyticus bacteria results in the production of superoxide, hydrogen peroxide,
hydroxyl radical, and two other unidentified reactive oxygen species (Nash et al., 1987).

Superoxide production in eel, Anguilla japonica, has been reported. Peripheral blood

neutrophils showed greater respiratory burst activity in response to in vitro bacterial
(Edwardsiella tarda) stimulation than did the pronephric neutrophils (Wakabayashi and

Park, 1991). Peritoneal macrophages from the oyster toadfish, Opsanus tau, produced
superoxide when stimulated with PMA and tributyltin (TBT), a calcium ionophore (Rice

and Weeks, 1991).
In addition to studies in the fish just described, the respiratory burst has been most

intensely studied in the rainbow trout. Superoxide production as measured by a luminol-

dependent chemiluminescent (CL) assay was generated in peripheral blood neutrophils
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simulated by PMA (Higson and Jones, 1984). Peritoneal macrophages also produced
hydrogen peroxide and superoxide when stimulated in vitro with Con A and in vivo with

bacteria (Aeromonas salmonicida). Con A elicited the production of superoxide but less
hydrogen peroxide while exposure to the bacteria resulted in increased production of both

reactive oxygen species (Chung & Secombes, 1987). Following PMA stimulation,
pronephric macrophages produce superoxide anions as measured by the reduction of

ferricytochrome c (Secombes et al., 1988). Pronephric macrophages have also been
shown to undergo a respiratory burst in response to in vitro incubation with a larval
parasite, the eye fluke Diplostomum spathaceum. Both intact and sonicated forms of the

parasite were capable of eliciting production of H202 and 02 (Whyte et al., 1989).

Mechanisms

Although fish phagocytes have been shown to be capable of a respiratory burst,
the molecular mechanisms and biochemical pathways which mediate this response have

not been well studied. The available evidence, however, indicates that the mechanisms
are similar to those which occur in mammals.
The evidence that the respiratory burst in fish is dependent on a mammalian-like
NADPH-oxidase is based on a study using diphenyl iodonium (DPI), a compound which
is known to inhibit mammalian oxidase activity completely. In PMA-stimulated rainbow

trout pronephric phagocytes, DPI depressed the oxidative burst by 60% indicating that

the fish NADPH-oxidase is at least somewhat similar to its mammalian counterpart
(Nagelkerke et al., 1990).
Two other mammalian enzymes involved in respiratory burst activity, superoxide

dismutase (SOD) and catalase, have been reported to occur in fish. SOD converts
superoxide to hydrogen peroxide and catalase converts hydrogen peroxide to H2O and
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02. Use of exogenous SOD and SOD- inhibitors and catalase in respiratory burst
experiments with rainbow trout pronephric macrophages suggests that SOD may function

similarly in fish and mammals (Chung and Secombes, 1988).
Glucose is an essential substrate for the respiratory burst. Production of superox-

ide anion was completely inhibited in rainbow trout macrophages in the absence of

glucose (Secombes et al., 1988), and the 02 uptake by trout pronephric phagocytes
decreased to resting oxygen uptake levels during the first 15 minutes following PMA
addition (Nagelkerke et al., 1990). These studies indicate that the hexose-monophosphate

shunt is required in fish as it is in mammals to provide NADPH for the reduction of
molecular oxygen to superoxide anion.
In addition to the requirement for glucose, both mammalian and fish respiratory
burst activity are independent of mitochondrial metabolic pathways. Sodium azide is an

inhibitor of this pathway and its addition to culture media during a PMA-stimulated
respiratory burst assay has no affect on superoxide production by rainbow trout pronephric macrophages (Secombes et al., 1988). Although the oxygen uptake of rainbow

trout resting phagocytes is inhibited in the presence of azide, there is no inhibition of
PMA-stimulated respiratory burst activity in these cells confirming the existence of a

mitochondrial-independent respiratory burst mechanism in fish (Nagelkerke et al.,
1990).

The molecular mechanisms that mediate the activation of NADPH-oxidase are

not well understood in mammals and even less well studied in fish. In mammals it is

generally thought that the priming of the oxidase complex involves the activation of
protein kinase C by several alternative mechanisms. One such mechanism involves the

activation of protein kinase C by the transient increase in intracellular calcium, and the

other pathway activates the kinase through diacylglycerol (DAG), a metabolite of
membrane-phosphatidyl inositol turnover (Adams and Hamilton, 1984).
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There is some evidence that the biochemical events in fish which lead to the
activation of the oxidase complex are similar to the pathways that occur in mammalian

phagocytic cells. Because PMA mimics the biochemical effects of DAG, and because
PMA also stimulates the production of superoxide in fish, the existence of a DAG-protein

kinase activation pathway in fish similar to that in mammals is inferred. The existence of

a calcium-dependent activation pathway in fish comes from recent experiments with
toadfish macrophages. When compounds which increase intracellular calcium levels,

such as the calcium ionophore A23187 and tributyltin (TBT), were used as in vitro
stimulants of superoxide production by peritoneal macrophages, the level of response was

not significantly different from that observed following PMA stimulation (Rice and
Weeks, 1989; 1991). These studies suggest that a calcium-dependent pathway might also
be involved in the activation offish NADPH- oxidase in a way similar to that which occurs

in mammals.

Importance in Immune Defense

The importance of innate immunity in general and of the respiratory response in

particular in maintaining the health of the organism has long been established in
mammals. Studies concerning the role of the respiratory burst in fish immune defense
mechanisms suggest that the production of reactive oxygen species may be one of the
primary mechanisms by which the phagocytic cells of fish kill pathogens.
Some evidence for the role of phagocytic cell killing mechanisms in maintaining

fish health was obtained from studies concerning the susceptiblity of different bacterial
strains to in vitro killing by fish phagocytes. Normal rainbow trout pronephric macroph-

ages were able to kill an avirulent strain of Aeromonas salmonicida, while the virulent
strain could be killed only by macrophages which had been previously activated in vivo
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(Chung & Secombes, 1987; Graham et al., 1988). The ability of activated peritoneal
macrophages to kill virulent strains of A. salmonicida has also been reported for brook
trout, Salvelinus fontinalis (Olivier et al., 1986). Activated fish macrophages have been
shown to possess enhanced respiratory burst activity as compared to non-activated cells,

and it is the production of the reactive oxygen species which is thought to play a role in

the killing of virulent bacteria (Chung and Secombes, 1987; Graham and Secombes,
1988).

Confirmation of the bactericidal role of the respiratory burst has come from

experiments using a cell-free source of superoxide. When different strains of

A.

salmonicida were incubated in the presence of riboflavin-generated superoxide, killing
of all strains occurred although the degree of killing was correlated with the presence or

absence of virulent bacterial factors (Karczewski et al., 1991).

In addition to its bactericidal activity, superoxide may also play a role in the
control of parasitic infections in fish. When rainbow trout peritoneal macrophages were
incubated in the presence of opsonized larvae of an eye fluke, Diplostomum spathaceum,
killing of the larvae occurred in direct proportion to the number of phagocytes present and

significantly less killing occurred in cultures lacking phagocytes. The parasites in vitro

were shown to stimulate the production of superoxide suggesting that the larvacidal
activity of fish phagocytes may be mediated by products of the respiratory burst (Whyte

et al., 1989).

32

MODULATION OF RESPIRATORY BURST

Cytokines in mammals

TNF and IL-1

Tumor necrosis factor (TNF) is a monocyte/macrophage derived protein whose
major role originally appeared to be the the killing of tumors. TNF has subsequently been

described as also a regulatory cytokine capable of modulating the respiratory burst. TNF

in vitro can directly stimulate the production of superoxide by human peripheral blood
neutrophils (Tsuyimoto et al., 1986). Brief preincubation with TNF also primes human
PMNs for an enhanced oxidative burst in response to a second stimulus (Berkow et al.,
1987).

The evidence for a stimulatory effect of IL-1 on human phagocytes involves
controversy. Some workers report no effect of IL-1 on the respiratory burst (Georgilis et
al., 1987), while others report both a priming as well as a direct stimulatory effect (Ozaki

et al., 1987).
With bovine peripheral blood PMNs, IL-1 is able to directly stimulate superoxide

production. Synergistic stimulation occurs when PMNs are incubated together with
suboptimum concentrations of IL-1 and TNF. Subsequent exposure to opsonized zymosan results in enhanced superoxide production; when optimal concentrations are used no

synergism is observed (Sample & Czuprynski, 1991).

IL-2

Interleukin-2 is a lymphokine secreted by helper T-cells following binding of
antigen to the T-cell receptor. Biological targets for this peptide include T-cells, B-cells,
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NK and other cytotoxic cells. Human monocytes express IL-2 receptors. Addition of the
lymphokine to these receptor-positive cells results in an enhanced respiratory burst with
an increased ability to kill the extracellular parasite Giardia. lamblia (Wahl et al., 1987).

IL-3

Also known as a pluripotent-colony stimulating factor, this T-cell derived
cytokine stimulates the growth of multipotent progenitor cells. There is some recent

evidence that it also may influence the production of superoxide by macrophages
(Bleiberg et al., 1989).

IL-4

Originally known as a B-cell stimulatory factor, IL-4 is also called a macrophage

activating factor due to its ability to induce the expression of class I and H antigens on
macrophages and to enhance macrophage tumoricidal activity in vitro (Crawford et al.,
1987).

Recently the ability of recombinant IL-4 to directly stimulate the production of
reactive oxygen species has been reported. Murine peritoneal macrophages elicited with

peptone were shown to be capable of a dose-dependent enhancement of zymosantriggered CL response in the presence of rIL-4. This enhancement was abolished by a
monoclonal antibody to rIL-4 confirming the IL-4 specific effect (Tan et al., 1991).
IL-6

Like other pleiotropic cytokines, interleukin 6 has various biological activites,
one of which may be a regulation of phagocytic cell function. By itself IL-6 is not able
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to stimulate the production of superoxide production by human macrophages and
monocytes. When these cells are preincubated in the presence of IL-6, however, an
enhanced oxidative burst is observed upon stimulation with either a chemotactic agent or

PMA (Kharazmi et al., 1989).

IL-8

This monocyte-derived, 72 amino acid peptide has been variously termed
monocyte-derived neutrophil chemotactic factor (MDNCF), monocyte-derived neutro-

phil-activating peptide (MONAP), lymphocyte-derived neutrophil activating peptide

(LYNAP), granulocyte chemotactic peptide (GCP), and neutrophil activating factor
(NAF) (Westwick et al., 1989).
IL-8 is capable of eliciting a respiratory burst in human neutrophils. When PMNs

are stimulated with either crude or purified IL-8 obtained from LPS-stimulated monocytes, they produce H202 in a dose-dependent manner (Walz et a/.,1987). This effect of
IL-8 is mediated by a specific surface receptor for IL-8 on the neutrophil (Peveri et al.,
1988).

IFN- y

Interferons are a family of proteins with both antiviral and inununoregulatory
activity. Interferon gamma (Immune IFN) is produced by T-lymphocytes and is a potent

macrophage activating factor capable of enhancing phagocyte antimicrobial activity

.

IFN-y conditioned medium is also capable of affecting the respiratory burst. Macroph-

ages cultured in the presence of this conditioned medium quadrupled their ability to
secrete hydrogen peroxide when stimulated with PMA (Nathan et al., 1983).
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Platelet Products

Because platelets accumulate at sites of inflammation, their potential for interact-

ing with phagocytic cells has been studied. Both stimulation and inhibition by platelets

of neutrophil production of superoxide has been reported. Products released from
activated platelets can inhibit the production of PMA-stimulated superoxide (Mc Garrity

et al., 1988). A dose-dependent increase in PMA-stimulated superoxide production by

platelets has also been reported (Ward et al., 1988). A recent study suggests that this
apparent discrepancy in the role of platelets in superoxide production may involve the
relative levels of platelet-derived adenine nucleotides present. Low ATP concentrations

increase superoxide production while high concentrations are inhibitory (Naum et al.,
1991).

GM-CSF

Activated T-cells, endothelial cells and fibroblasts are all sources of granulocytemacrophage colony stimulating factor. In addition to a hemopoietic role, this cytokine has

been shown to activate neutrophils. Human PMNs preincubated with GM-CSF showed
an enhanced respiratory burst in response to stimulation with chemotactic agents . The
degree of superoxide production enhancement was directly proportional to the amount of

time PMNs were preincubated with GM-CSF (Weisbart et al., 1985).
Cytokines in Fish

Although it has been well established that mammalian cytokines play an important immunoregulatory role and are capable of affecting the respiratory burst activity of
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phagocytes, the study of cytokine production and function in lower vertebrates has
received scant attention. Because fish immune cells are capable of producing antibodies

and rejecting allografts in a manner somewhat similar to that found in mammals, it is
reasonable to assume that the interactions between fish immune cells are also regulated

by cytokines. A few studies do exist which suggest that fish leukocytes release soluble
factors capable of affecting the functions of other immune cells.

For instance, carp peripheral blood leukocytes produce a soluble factor with
mammalian IL -2 like properties. This factor is contained in the supernatant of mixedlymphocyte-reaction (MLR) cultures or cultures of leukocytes stimulated with phytohe-

magglutinin (PHA). These supernatants have the ability to stimulate the synthesis of
DNA in carp T-like cells. In addition, the cells responding to the carp soluble factor also

respond to human IL-2 containing supernatants in a similar manner, suggesting the
presence of a mammalian IL-2 like molecule and its receptor in fish (Caspi and Avitalion,

1984; Grondel & Harmsen, 1984).

In addition to an 1L-2-like molecule, carp pronephric leukocytes may produce
another cytokine with chemokinetic properties. Supernatants from mitogen-stimulated
carp lymphocytes caused an almost two-fold increase in the chemokinetic behavior of
carp pronephric leukocytes (Howell, 1987).
An IL -1 -like molecule has also been reported in fish. Catfish peripheral blood

leukocytes respond with a proliferative response to human IL-1 as well as to a factor
produced by epidermal cells which exhibits IL-1-like properties (Sigel et al., 1986).

Lymphokine activity has been reported in supernatants of rainbow trout headkidney leukocytes stimulated with Con A. This factor has the ability to increase spreading

and adherence of rainbow trout macrophages; since an increase in these characteristics is

an index of cell activation, this factor is referred to as a type of macrophage-activating-

factor (MAF) (Secombes, 1987). Rainbow trout pronephric macrophages incubated in
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the presence of MAF exhibit an enhanced PMA-stimulated respiratory burst as well as an
increased ability to kill the virulent fish pathogen A. salmonicida (Graham and Secombes,

1988). Rainbow trout MAF is produced by sIg lymphocytes and is dependent on the

presence of accessory cells. This evidence suggests that MAF may be similar to
mammalian lymphokines produced by T-cells (Graham and Secombes, 1990a).
Another cytokine resembling mammalian interferon-y (IFN -y) may be produced

by fish leukocytes following an in vivo viral infection (de Kinkelin, 1982). In vitro
exposure of T-lymphocytes to Con A/PMA results in a supernatant with IFN-y-like as

well as MAF activity. When this supernatant is subjected to HPLC size exclusion
chromatography, the protein peak containing MAF activity also contains IFN activity.
This evidence suggests that the enhancement of superoxide production by MAF and the
antiviral activity of IFN-ymay in fact be the actions of one and the same protein molecule

(Graham and Secombes, 1990b).

Hormones

Stress/Corticosteroids

The immunoregulatory influence of stress and corticosteroids on mammalian
lymphocyte function has been well studied. Corticosteroids also have profound effects on

phagocytes. One of these effects involves the inhibition of the synthesis and release of
pro-inflammatory enzymes (Bateman et al., 1989). In addition to their antiinflammatory
effects, stress hormones also alter superoxide production. Humanblood PMNs preincubated

for 20 minutes with dexamethasone (a synthetic glucocorticoid) showed a dosedependent inhibition of superoxide production when stimulated with a chemotactic agent

(FMLP). Dexamethasone does not affect the FMLP-receptor relationship but rather
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appears to exert its effect on a later phase of PMN activation (Coates et al., 1983). Human

monocytes incubated in the presence of glucocorticoids or dexamethasone also showed
diminished superoxide production. Incubation with dexamethasone for 48 hours resulted
in 70% inhibition of the respiratory burst while cells incubated for less than 8 hours with

dexamethasone were not inhibited (Szelfer et al., 1989).

As in mammals, environmental stress in fish is mediated by corticosteroid
hormones. When fish are stressed, their plasma corticosteroid levels rise and one effect
of this rise is to lower the fish resistance to disease (Pickering and Duston, 1983). The

causal relationship between stress-induced disease susceptiblity and immune mechanisms is complex and has not been well studied in fish. In particular, relatively little is

known about the interaction between stress hormones and the function of phagocytic
cells. There is evidence that stress caused by handling and social interaction produces

changes in the phagocytic cell population of rainbow trout spleen and pronephros;
handling stress increased the number of macrophage-like cells while increasing the
number of PMNs and immature cells (Peters and Schwarzer, 1985; Peters et al., 1991).
In a study with plaice, daily injections of cortisol for three days or maintenance in a stress-

tank diminished the number of inflammatory cells that accumulated in response to
intraperitoneal glycogen injections (MacArthur et al., 1984).
A few studies have also looked at the influence of stress and stress hormones on
the respiratory burst activity of fish cells. Bass (Morone saxatilis) phagocytes exposed to

hydrocortisone acetate in vitro produced less PMA-stimulated superoxide than the
controls. Although the levels of hormone (2814/m1- 28014/ml) were above physiological

concentration , the response was dose dependent (Stave and Roberson, 1985). Environmental stress also has an immunosuppressive effect. Pronephric leukocytes from rainbow

trout kept in stress-tanks daily for 30 minutes showed a depressed respiratory burst
response. The timing of the stress regime seems to be important in that fish kept for 15
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minutes eight times a day over four days show no difference in their superoxide
production capacity when compared to unstressed fish (Angelidis et al., 1987).

Sex Steroids

Sex differences have been recognized for a long time as contributing factors in
disease resistance in mammals. A growing wealth of evidence has led to the recognition

that sexual dimorphism exists in the immune response and that this dimorphism may be

mediated by gonadal steroids (Grossman, 1984). Although most of the research has
focused on lymphocyte-mediated responses, gender-related differences have also been

reported for granulocyte function. For example, superoxide production in peripheral-

blood neutrophils is cyclically enhanced in females compared to males. The cyclic
variations in superoxide levels observed in females parallel the monthly menstrual cycle

with the maximum response occurring at mid cycle. This cyclic activity in neutrophil
function may be mediated by variations in circulating endogenous sex steroids since no

cyclic variation was reported in neutrophils from males (Mallery et al., 1986).
Gonadal steroid mediation of superoxide production is supported by other studies.

Estrogen binding to human PMNs has been shown to be correlated with an elevation in

hydrogen peroxide generation (Klebanoff, 1979). In another species, bovine PMN
respiratory burst activity is reported to vary with changes in blood sex steroid in a manner

similar to that reported for humans (Roth et al., 1983).
There is a paucity of information regarding the modulation of the respiratory burst
in fish phagocytes by sex steroids. One preliminary study suggests that in vitro incubation

of rainbow trout pronephric phagocytes with low estradiol concentrations enhances the
respiratory burst while high concentrations are inhibitory (Galvan and Bayne, 1987).
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Neural Products

The immunological effects of products from the nervous system have received
much recent attention. The discovery that molecules are shared between the nervous and
immune system has led to the hypothesis that a bidirectional relationship exists between

these two systems (Blalock, 1989). Although much of the study has been focused on

lymphocyte activity, some evidence exists for a neural influence on myeloid cells in
mammals. For instance, substance P, a sensory neuropeptide, is capable of modulating

the hydrogen peroxide production of C. parvum-activated guinea pig macrophages
(Payan and Goetzl, 1985). Opioids also affect the respiratory burst. Met-enkephalin is
capable of directly inducing the production of superoxide from thioglycollate-elicited rat

PMNs at low concentrations (1e M), while higher concentrations (1 e M) of metenkephalin inhibited the response (Forts et al., 1984).
A few studies show an interaction between the peripheral sympathetic nervous
system and the immune response in fish. The respiratory burst of pronephric phagocytic

cells is modulated by catecholamines in rainbow trout. Epinephrine and beta-adrenergic

agonists suppress while alpha and cholinergic receptor agonists enhance the in vitro
PMA-stimulated oxygen burst of these cells (Flory and Bayne, 1991). The mechanisms

of modulation by catecholamines appear to involve alterations in SOD activity as
measured by the production of H202 (Bayne and Levy, 1991).
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CHAPTER 2

Characterization of the Respiratory Burst Activity of Rainbow Trout
(Oncorhynchus mykiss) Pronephric Phagocytic Cells
ABSTRACT

The PMA-stimulated production of superoxide anions by rainbow trout pronephric leukocytes separated by Percoll gradient was studied by cytochrome c reduction.

Further separation of the phagocytic cell enriched fraction by adherence showed 82.3%

(±12.3) of this population to be nonadherent (PMN enriched) and 11.3 (±1.8) adherent
cells. On a per cell basis the kinetics of the respiratory burst of these populations differed,

the adherent showing a lower magnitude of response as compared to the nonadherent
cells over the same period of time. Catalase increased the magnitude of cytochrome c
reduction during the oxidative burst. Cytochrome c reduction was stimulated to a similar

degree at 17°C and 23°C but diminished at 26°C. Cells cultured under more crowded
conditions produced less superoxide on a per cell basis as compared to those cultured in

less crowded conditions. Cells that were in suspension at the time of PMA addition
produced greater quantities of superoxide than cells that had been allowed to settle prior

to stimulation. It is suggested that the superoxide generating activity of rainbow trout
phagocytes is similar to mammalian cells in its ability to be modulated by these factors
in vitro.

INTRODUCTION

Phagocytic macrophages and polymorphonuclear leukocytes (PMN'S or neutrophils) are critical cellular effectors in vertebrate internal defenses and as such are crucial

to the health of the organism. This is true for teleost fish as it is for other animal groups
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(Finn and Nielson, 1970; Avtalion and Shahrabani, 1975; MacArthur and Fletcher,
1986). One characteristic of phagocytic cells is the ability to produce reactive oxygen

species that are microbicidal and serve as a defense mechanism (Allen et al., 1972;
B abior, 1984). This process is often termed the respiratory or oxidative burst and has been

demonstrated in teleost leukocytes (Higson and Jones, 1983; Stave et al, 1984; Scott et

al., 1985; Chung and Secombes, 1988; Plytycz et al., 1989; Bayne and Levy, 1991).
The pronephros (head kidney) of the rainbow trout has served as a rich source of

phagocytic cells for respiratory burst studies. Although both macrophages and PMSs

have been identified as the cell types capable of superoxide production in this organ
(Plytycz et al., 1989), only the macrophage oxidative burst has been individually studied

and found to be similar to the respiratory burst of mammalian macrophages (Chung and
Secombes, 1988; Secombes el a1.,1988). In studies comparing mammalian macrophages

and PMNs, different superoxide generating capabilities for the two cell types have been
reported (Drath et al., 1979; Kitagawa et al., 1980). In the first part of our study we were

therefore interested in comparing the oxidative bursts of rainbow trout pronephric
adherent and nonadherent cells to see whether similar differences occured in fish.
In addition to their role as first line defence cells, mammalian phagocytes have

been implicated in tissue damage (Malech, 1987) and the regulation of their responses
seems thus vital for the maintenance of host homeostasis. Some of the parameters that
have been reported to modulate the phagocytic cells' respiratory burst include environ-

mental temperature, cell population density and adherence. Furthermore, catalase
influences the cytochrome c reduction assay. In fish, the influence of temperature on

peripheral blood neutrophils has been reported (Sohnle and Chusid, 1983). Using a
mixed population of fish neutrophils and macrophages, exogenous catalase was shown
to alter the cytochrome c reduction assay for superoxide (Bayne and Levy, 1991). Unlike
the parameters of temperature and catalase however, the influences of adherence and cell

numbers on the production of superoxide in fish have not received much attention.
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In the second part of our study we examined the influence of temperature on the

respiratory burst of rainbow trout pronephric phagocytes. We also studied the effect of
catalase on the cytochrome c reduction assay of the adherent cell population of rainbow
trout pronephric leukocytes. In addition, we addressed the question of whether adherence
and cell crowding influence the production of superoxide by fish cells in a manner similar

to that which has been found in mammals.

MATERIALS AND METHODS

Buffers and Reagents

Tissue culture medium (TCM) was RPMI-1640 (Sigma R8755) without phenol

red or sodium bicarbonate. This was prepared with TC grade water (NANOpure II,
Barnstead), and supplemented with 10 mM Hepes buffer and 10 units of Pen/Strep
m1-1 (Sigma P0906). When indicated, 10 units m1-1 of heparin (Sigma H3151) was added

to the TCM. Unless otherwise stated, all working solutions were prepared from stock

concentrations with filter sterilized Cortland Saline (CS) (Wolf, 1963) supplemented
with sterile 0.02 M Hepes buffer (Sigma H7006). Immediately before use, NaHCO3 was
added at a final concentration of 1 mg m1-1 and the pH adjusted to 7.5 with 1.0 M HCL.

The osmolarity was 283 mOsm. Phorbol myristate acetate (PMA, Sigma P8139) stock
was prepared in dimethyl sulfoxide (DMSO, Sigma D5879) at 2 mg m1-1 , aliquoted and
stored at -70° C. Working aliquots of PMA were kept at -20° C for no longer than a month.

Cytochrome c (Sigma C2506) stock was 1 mM in phosphate buffered saline, stored at

-70° C and protected from light prior to use. Catalase (Sigma C40) stock was at 2 mg
ml -1 in CS.
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Animals

Rainbow trout (Oncorhynchus mykiss) weighing 200-300 g were maintained in
1.7 m diameter tanks supplied with flow through well water at 12-14° C and fed Oregon
Moist Pellet. Fish were netted and immediately killed by a blow to the head. After being

bled from the caudal vein to deplete tissues of blood, fish were placed on ice.

Cell Preparation

Within 20 minutes of a fish being placed on ice, the pronephros was aseptically
removed and pushed through a nylon mesh into TCM with heparin. Siliconized glassware

was used and all preparations were kept on ice. The pronephric cell suspension was
separated on a 60% Percoll continuous gradient as previously described (Plytycz et al.,
1989). Fraction II (enriched for phagocytic cells) was harvested and washed twice with

heparin-containing TCM. Following a final wash in heparin-free TCM, cells were
resuspended in heparin-free TCM for culturing or in CS for the cytochrome c reduction

assay. Cells were counted in a hemacytometer and cell viability was determined by
Trypan Blue exclusion and was always > 95%. Unless otherwise stated, cell numbers
were adjusted to 107 cells m1-1 and aliquots of 100 ill were seeded into wells of a 96 well

flat bottomed plate (Corning 25861). Cells suspended in CS were used immediately, and

those in TCM were cultured at 17°C for various periods of time.

Cytochrome c reduction assay

Superoxide anion production was measured by a modification of a method
previously described (Bayne and Levy, 1990). If cells had been cultured, culture medium
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supernatant was carefully removed from settled cells and replaced with 100 Ill of CS.
Unless otherwise stated, each well received 20 pl of stock catalase followed by 100111 of
a reaction mixture composed of equal volumes of PMA (4 ml of stock to 4 ml CS prepared

on the same day as the experiment) and cytochrome c (1 ml of stock added to 1.5 ml CS
prepared on the same day). The culture plate was gently rotated to mix the reagents and
cells, and optical density was followed at 550nm using a multi-well plate reader (Titertek

Multiscan MCC/340 MK II, Flow Labs). Statistical significance was determined by the

unpaired two-tailed Student's t test and significance was taken at p < 0.05 level.

To determine the effect of catalase on the reduction of cytochrome c by
superoxide, we assayed Fraction H cells for superoxide production as described with the

following modification: immmediately prior to adding the reaction mixture containing
PMA and cytochrome c, 20 p.1 of stock catalase was added to one set of wells. A second

set received 20 pl of CS without catalase.

Oxidative burst activity of pronephric cell subpopulations

Washed Fraction II cells at 2x107 cells m1-1 in 100 pl were seeded into triplicate

wells of a 96 well plate. Following 4 hour incubation at 17°C the nonadherent and
adherent cells were separated by resuspending the nonadherent and transferring them to

adjacent wells. The wells containing the remaining adherent cells were washed twice
with TCM to remove any residual nonadherents, and 100 p.1 of TCM was then added to

each well. In another set of wells nonadherent cells were resuspended but not removed.
For each experiment extra wells containing adherent, nonadherent, and unseparated

cells were prepared for cell counts. At the time of the assay, culture medium was removed

from these wells and replaced with 100 pl of lysis buffer containing 0.1M citric acid, 1%

Tween 20 and 0.05% crystal violet (Chung and Secombes, 1988). After 4 minutes the
nuclei were counted in a hemacytometer.
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Cytochemistry

Nonadherent cells were prepared for cytochemical staining by Cytospin (Shandon

Southern Products). Approximately 2x105nonadherent cells in 200 pi were centrifuged

for 8 minutes at 300 RPM. Adherent cells were obtained by placing 1 ml of the cell

suspension into wells of 24 well plates (Corning 25820) containing 15 mm glass
coverslips. After 4 hour incubation at 17° C, the coverslips were removed and washed
with CS to remove nonadherent cells.

Methanol-fixed cells were stained for nonspecific esterase using the naphthol

acetate method (Chayen, 1973). Alpha napthyl acetate 10 mg (Sigma N6750) was

dissolved in 0.25 ml acetone and added to 20 ml 0.1M pH 7.4 phosphate buffer
supplemented with 0.9% NaCl. To this mixture 20 mg Fast Blue BB salt (Allied Chemical

No.588) was added and the complete mixture filtered onto coverslips placed in wells of

a 24 well plate (Corning 25820). After 1 hour incubation at room temperature the
coverslips were removed and rinsed with distilled water.
Freshly prepared cells were stained for lipids with a saturated solution of Sudan

Black B (Allied Chemical No.629) made with 70% ethanol and filtered into wells of a
24 well plate. The cells on coverslips were added and incubated for 30 minutes at 17° C.

Following incubation the coverslips were removed, rinsed briefly in 70% ethanol, then

in 50% ethanol, and finally in distilled water.
All stained cell preparations were air-dried overnight and mounted onto glass
microscope slides with Cytoseal Mounting Medium (Stephen Scientific #8310.4).
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Effect of temperature

To study the effect of temperature on the reduction of cytochrome c, three
identical culture plates were prepared containing washed Fraction II cells in CS at 3x105

cells/well density. Three sets of cytochrome c reduction assay reagents were brought to

the appropriate temperatures prior to use. Following the first reading (T=0) in the
spectrophotometer, each plate was placed at the appropriate temperature. It was subse-

quently removed at designated intervals for a reading and returned to the stated
temperature. Each reading, done at room temperature, took less than 15 seconds.

Effect of cell numbers

To determine the effect of cell numbers on cytochrome c reduction, washed
Fraction II cells in CS were seeded at 106 or 105 in 100 ill to wells of a 96 well culture
plate. The assay for cytochrome c reduction proceeded as described. The culture plate was

maintained at 17°C between readings which were taken at room temperature (22° ± 1° C).

Effect of cell settling/suspension on superoxide production

To compare the production of superoxide by suspended cells and settled cells, a
stock of 107 m1-1 Fraction II cells in CS was prepared as described before. An aliquot of

these cells was seeded in 100 ill volume to wells in a 96 well culture plate and the cells
were allowed to settle at 17°C for 15 minutes. Following the incubation period each well

containing the settled cells received the reaction mixture (containing PMA and cytochrome c) and the culture plate was assayed for superoxide production. To investigate

whether the effect of settling was reversible, the settled cells in a second group were
resuspended before the addition of the reaction mixture.
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The same stock of Fraction II cells was kept in a conical 15 ml polypropylene test
tube (Corning Glass 25325) on ice for 1 hour 15 minutes. At the end of this period the cells
were resuspended and 100 j11 seeded into wells of a 96 well culture plate. The cytochrome

c reduction assay reaction mixture was immediately added to these suspended cells and
the plate assayed as above. To control for the effect of holding cells on ice, a third aliquot
of the Fraction II stock cells was kept on ice for 3 hours. At the end of this time, the cells

were resuspended and seeded into wells of a 96 well culture plate, incubated for 15
minutes at 17° C, and assayed as before.

RESULTS

Oxidative burst activity of pronephric phagocytic subpopulations

The population of pronephric phagocytic cells contained in Band II of a Percoll

gradient were 82.3% (±12.3) nonadherent, and 11.3% (±1.8) adherent. Cytochemical
analysis showed that 38.2% (± 11.8) of the adherent population were esterase positive,
and 25.5% (± 8.5) were Sudan Black positive. Of the nonadherent population, 63.4% (±

4.9) were Sudan Black positive and 3.4% (± 0.3) were esterase positive. Because the

pronephros is a hemopoietic tissue, we assume that the adherent and nonadherent
populations contained cells which were at different stages of development and therefor

not equally capable of picking up the stain; this might account for the non-staining
population of adherent and nonadherent cells though we cannot rule out the possibility

of other leukocyte types. Macrophages at different stages of maturation have been
reported from the salmonid pronephros (Braun-Nesje et al., 1982).
Nonadherent and unseparated Fraction II cells reveal almost parallel superoxide

production profiles; in the population used for the experiment in Fig.2.1, a plateau is
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reached at 30 minutes [Fig.2.1(a)]. The adherent cell population response is lower in
magnitude; after 30 minutes of PMA stimulation the adherent population's response is
only 13% of the response mounted by the nonadherent population.

When superoxide production of adherent and nonadherent populations is analyzed on a per cell basis [Fig.2.1(b)], the magnitude of the adherent response is less than
that generated by the nonadherent cells. Responses of both cell types were similar in that

they both began within 5 minutes and reached a plateau at 15 minutes.

Effect of catalase on cytochrome c reduction during the oxidative burst

The ability of catalase to enhance cytochrome c reduction by the nonadherent
population of Fraction II cells is shown in Fig.2. 2. The difference between the catalase

treated and control cells after 30 minutes of PMA stimulation is about 26%.

Effect of temperature on superoxide production

When the same number of cells were incubated in the presence of PMA at three
different temperatures, cytochrome c reduction was similar at 17° C and 23° C [Fig.2 .3].
At 26° C, the magnitude of the response was diminished. After 30 minutes of incubation,

response levels at 26° C were 90% of the level achieved at 17° C.

Effect of cell number on superoxide production

The kinetics of superoxide production as a function of the total cell number in each

microtiter well is shown in Fig.2.4(a). The larger number of cells resulted in a greater
response. At 30 minutes after the addition of PMA the wells with fewer cells revealed a

response which was one fifth the response of wells containing 10 times more cells.
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Fig.2.4(b) shows the production of superoxide by the same cells as in Fig.2.4(a)
expressed on a per 105 cell basis. Cells incubated at a high population density produced

a response that was less in magnitude than cells cultured at lower population densities.
Effect of cell settling/suspension on superoxide production

Whether the cells are settled or in suspension at the time they are stimulated for

superoxide production influences the kinectics of cytochrome c reduction [Fig.2.51.
Pronephric phagocytic cells that had been preincubated in microliter wells for 15 minutes

and not resuspended prior to the addition of PMA showed a diminished magnitude of
response as compared with cells in suspension. In addition, the peak response occurred

in 20 minutes for cells in suspension as compared with 40 minutes for settled cells. If
settled cells were resuspended immediately prior to the addition of PMA, their response

profile paralleled that of suspended cells. Resuspension of settled cells which had been
exposed to PMA for forty minutes had no effect (data not shown).
Because the cells which were suspended at the time of PMA addition had been on

ice for 1 hour prior to being seeded, we wanted to see whether the enhancement of
cytochrome c reduction in this population as compared to the settled cells was due to the

former having become activated while on ice. We therefore compared the responses of
cells incubated on ice for 1 hour with those incubated on ice for 3 hours. We hypothesized

that if activation occurred on ice, the longer incubation time might result in higher levels

of superoxide production. Since there was no difference in superoxide production
between the two populations (data not shown), we concluded that the increased superox-

ide production by suspended cells was not likely due to activation on ice.
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DISCUSSION

In this study we have compared the oxidative bursts of Percoll-separated adherent

and nonadherent subpopulations of cells from rainbow trout pronephros. We have also

determined the influences of several variables on the in vitro oxidative bursts of these
cells.

The phagocytes of the pronephros are composed of adherent and nonadherent

cells, the latter being the more abundant. The cytochemical data

show that the

nonadherent cells are the trout neutrophils (PMN), and the adherent cells are predomi-

nantly cells of the monocyte-macrophage series. By virtue of their greater abundance,

and of their higher capacity to produce 02 , the PMNs contribute the majority of the
superoxide produced over 30 minutes by the mixed populations of phagocytes harvested
from this organ [Fig.2. 1(a)]. We suggest therefore that a response profile of pronephric

unseparated phagocytes is predominantly that of the nonadherent population.
In addition to being more abundant, each individual nonadherent cell in the total

population of pronephric leukocytes generates more superoxide than each individual

adherent cell [Fig.2. 1(b)]. Differences in the superoxide response kinetics between
different populations of fish phagocytic cells have not previously been described. In
similar studies utilizing human and rat cells, stimulated PMNs produced more reactive
oxygen products on a per cell basis than did macrophages (Drath et al., 1979; Kitagawa
et al., 1980; Nakagawara et al., 1981). Therefore the difference in superoxide production

between fish nonadherent and adherent cell populations that we have demonstrated
appears to parallel a similar difference found in mammalian phagocytic cells.
In the second part of our study we examined the effects of several variables on the

in vitro oxidative burst response. One of these was the effect of catalase. A current issue

in the study of the oxygen burst phenomenon is the potential capability of hydrogen
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peroxide to re-oxidize cytochrome c and thus affect the optical density readings in the
cytochrome c reduction assay (Vandewalle and Petersen, 1987; Leslie and Allen, 1987;

Turrens and McCord, 1988). Hydrogen peroxide can be removed by catalase which

breaks down hydrogen peroxide to water and oxygen. In a previous study using a
population of trout pronephric phagocytes containing both adherent and nonadherent
cells, the addition of catalase increased the OD readings in cytochrome c reduction assays

(Bayne and Levy, 1991). Because we have shown in this study that the superoxide
production profile of an unseparated population of adherent and nonadherent phagocytes

is due mainly to the nonadherent cells, and because catalase affects this profile, we
assume that catalase affects the cytochrome c reduction profile of nonadherent cells. In

this study we have also shown that the presence of catalase affects the cytochrome c
reduction assay of adherent cells [Fig.2. 2]. Our findings lend support to the arguments

by Vanderwalle and Petersen (1987) that the measure of superoxide production by
cytochrome c reduction may be altered by the presence of hydrogen peroxide, and that
for trout pronephric cells, both adherent and nonadherent populations are affected.
The influence of temperature on the function of rainbow trout peripheral blood

neutrophils has been previously studied (Sohn le and Chusid, 1983). In this previous
study, in vitro assay temperatures ten degrees higher than the maintenance temperature

did not affect the magnitude nor the time of the peak chemiluminescent response. Our

study using neutrophils from the pronephros and the cytochrome c reduction assay
confirms this earlier work by a similar finding: fish phagocytes function in vitro at
temperatures above the maintenance temperature of the fish [Fig.2. 3].
It is interesting to note that while the fish phagocytes were capable of functioning

at higher temperatures, the effect was not one of enhancement as has been demonstrated

for fish lymphoid cells (Avtalion et al., 1973). On the other hand, fish phagocytes have

been reported capable of functioning at temperatures which are inhibitory for
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lymphocytes (Avtalion and Shahrabani, 1975) suggesting that fish phagocytes may be
less temperature sensitive in vitro than lymphoid cells.

In this report we present evidence that cell crowding modulates the in vitro
respiratory burst response. We found that cells plated at high density generated less
superoxide per cell than cells plated at lower density, the difference being almost three-

fold [Fig.2. 4(b)]. Although the mechanism is not known, the regulatory effect of cell
crowding on the production of superoxide anions from several mammalian species is well

established (Johnston et al., 1978; Pick and Keisari, 1981; Mege et al., 1986; Peters et al.,
1990). The occurrence of a similar regulatory mechanism in a lower vertebrate as we have

reported here suggests an extension of this phenomenon across distant phylogenetic lines,

and may underline the importance of such a regulatory mechanism in modulating the
production of phagocytic cell products whose overproduction has the potential to cause
tissue damage (Babior, 1984; Malech and Gallin, 1987; Weiss, 1989). Some support for

this argument comes from evidence that in mammals the metabolism and production of

other inflammatory products by phagocytic cells also occurs in a cell-concentration
dependent fashion (Betz and Henson, 1980; Shak and Goldstein, 1984; Peters et al.,
1990). Modulation of the oxygen burst by cell crowding may be an important regulatory

mechanism in guarding against unchecked inflammatory responses.
In addition to cell numbers, cell settling/adherence may play an important role in

modulating the rainbow trout oxidative burst. We found that when pronephric cells had

settled prior to stimulation with PMA, the production of superoxide was diminished as

compared to cells that were in suspension at the time of stimulation [Fig.2. 5]. The
suppressive effect of settling was reversible; settled cells which were resuspended prior
to stimulation were indistinguishable from cells which had never been allowed to settle.
However, we cannot rule out the possibility that the effect of surface contact may be due
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to a spatially limited access of the cells to factors in the media. This possibility warrants

further study.
The role of adhesiveness of mammalian neutrophils in decreasing the generation

of superoxide radicals has been reported (Dahinden et al, 1983; Hoffstein et al., 1985;

Neumann and Kownatzki, 1989; Laurent et al., 1991). We suggest that cell adherence
also modulates cell behavior in a lower vertebrate, implying that adherence- modulation
may be yet another universal characteristic of PMNs. Neutrophils circulating in the blood

need to adhere reversibly to endothelial cells before emigrating to the site of infection.
Since production of superoxide by adherent PMNs has been associated with tissue injury

(Weiss, 1989), attenuation of the superoxide response while the cells are adherent would
seem to be beneficial. This could be one mechanism by which an inappropriate response

is prevented while the cells are at a transitional site. Once at the site of infection their
responsiveness to activation stimuli would be regained.
The mechanism by which adherence might influence the production of superoxide is not known. Some recent evidence suggests that polymerization of cytoskeletal actin

might be involved. For instance, adherence appears to increase polymerization of actin
in human neutrophils (Southwick et al., 1989), and increased levels of polymerized actin

appear to be correlated with diminished superoxide production (Bengston et al., 1991).

A recent study reports that hydrogen peroxide increases and catalase decreases
the adherence of human leukocytes (Suzuki et al., 1991). As we have already discussed,

adherence decreases superoxide production. Perhaps an alternative explanation for the

effect of catalase on the cytochrome c reduction assay reported earlier is the ability of
catalase to decrease cell adherence with a subsequent increase in superoxide production.
In summary, the rainbow trout pronephros is rich in nonadherent cells capable of

a strong oxidative burst, the kinetics of which differ from those of pronephric adherent

cells. We have also confirmed earlier studies showing that superoxide anions can be

71

produced strongly by fish pronephric phagocytes at temperatures higher than the
physiological temperature of the animal. In addition, we have shown that the oxidative

burst in our system is modulated by both cell crowding and cell adherence as it is in
mammals. Future in vitro respiratory burst experiments should be designed with these
observations in mind. Because the modulating parameters we have discussed are shared

by both teleosts and mammals, we suggest that fish may serve as good models for the
study of oxidative burst mechanisms in mammals.
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CHAPTER 3

Effects of Lipopolysaccharide on the Respiratory Burst and Adherence of Rainbow
Trout (Oncorhynchus mykiss) Leukocytes In Vitro
ABSTRACT

This study examines the in vitro effects of LPS on the respiratory burst of rainbow

trout pronephric nonadherent cells (neutrophils). Preincubation for 24 hours in the

presence of 100 pg/m1 LPS enhanced the PMA-stimulated superoxide production
(priming), while incubation for 48 hours depressed the response. LPS also increased the

adherence of nonadherent cells to plastic as evidenced by a decrease in the numbers of

Sudan Black staining cells (neutrophils) in the nonadherent population; adherence of
esterase positive cells (macrophages) was not affected by LPS. The effects of LPS on

non-adherent cells required the presence of adherent cells: neither priming of the
respiratory burst nor induction of adherence occurred in the absence of adherent cells.

The presence of adherent cells previously stimulated with 100 p.g/ml LPS and the
supernatants of such cells simulated the effects on nonadherent cells of preincubation of

a mixed cell population with 100 µg /ml LPS. The presence of a mammalian TNF-like
molecule is proposed as a cytokine mediating the in vitro effects of LPS in fish in a manner

similar to that which has been observed in mammals.

INTRODUCTION

Gram negative bacteria express on their outer surface a class of molecules called

lipopolysaccharides (LPS, endotoxin). Contact with these molecules elicits a variety of

responses in cells of the mammalian immune system (Rietschel et al., 1982). At
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appropriate concentrations, Gram negative bacteria or their LPS injected into sensitive

species induce a complex sequence of pathophysiologic changes collectively termed

sepsis, septicemia, toxic shock, or endotoxemia. Effects include fever, hypotension,
blood coagulation, metabolic alterations, as well as renal, hepatic and cerebral injury, and

eventually death (Young, 1989).

Not all species of vertebrates are equally sensitive to the toxic effects of LPS;

resistance to this molecule is greater at lower phylogenetic levels (Berczi, 1966; Von

Eschen and Rudbach, 1974). Unlike phylogenetically higher vertebrates, fish are
resistant to the physiologically deleterious effects of LPS ( Wedemeyer et al., 1969;
Miller and Levine, 1984; Roeder et al., 1989) although species differences in metabolic

responses do occur. In coho salmon, Oncorhynchus kisutch, liver glycogenolysis and
serum cortisol levels increase (Wedemeyer et al., 1968; Wedemeyer, 1969); in Toadfish,
blood coagulation is induced (Miller and Levine, 1984), and in rainbow trout, Oncorhyncus

mykiss, production of C-reactive protein (White and Fletcher, 1982) and hypoferremia
(Congleton and Wagner, 1991) have been reported.

Although fish exhibit some metabolic effects upon exposure to LPS, little
information is available on its effects on the immune system. Endotoxin is antigenic in

fish, and LPS from pathogenic organisms have been used successfully as immunizing
agents (Saed and Plumb, 1986; Baba et al., 1988; Velji et al., 1991; 1992; Al Harbi and

Austin, 1992). Injection of Gram negative bacteria or their endotoxin has resulted in
increased numbers of inflammatory neutrophils in the eel (Hine and Wain, 1988) and
plaice, Pleuronectes platessa L. (MacArthur et al., 1984), and LPS administered in vivo
enhanced phagocytosis in the eel (Salati et al., 1987). Humoral antibody responses to LPS

have been reported in coho salmon, Oncorhynchus kisutch (Cisar and Fryer, 1974;
Paterson and Fryer, 1974), in brown trout, Salmo trutta (Ingram and Alexander, 1980),
and in channel catfish, Ictalurus punctatus (Saeed and Plumb, 1986). The ability of LPS
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to function as a mitogen for fish lymphocytes was interpreted as consistent with the
existence of T- and B-cells in fish (Warr and Simon, 1983).

This study was conducted to examine the in vitro effect of LPS on another

immune function of fish, the ability of leukocytes to produce superoxide anions.
Phagocytic cells from the pronephros or anterior kidney of the rainbow trout, Oncorhynchus

mykiss, were treated with LPS and the production of superoxide molecules in response

to a second triggering signal, phorbol myristate acetate (PMA), was then determined.
This approach allows us to determine the sensitivity of fish phagocytic cells to LPS, and
whether this interaction might play a role in modulating fish defense mechanisms as well

as contribute to the insensitivity of fish to LPS toxicity.

MATERIALS AND METHODS

Buffers and Reagents

Tissue culture medium (TCM) was L-15 (Sigma L-4386) without phenol-red or
sodium bicarbonate, supplemented with 10mM Hepes buffer and 10 units of Pen/Strep
(Sigma P-0906). PMA, cytochrome c, Courtland saline (CS), and catalase were described

previously (Chpt.2).
Lipopolysaccharide (LPS) from E.coli 055.B5 (Sigma L-2880) was prepared as
a stock solution at 1 mg/ml in TCM and sterilized for 30 minutes in a 70°C water bath.
The stock was stored at 4°C in a polypropylene test tube for no longer than a month. To

counteract formation of aggregates, the stock solution was vortexed each time before
aliquots were removed.
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Preparation of Cells

Pronephric leukocytes of rainbow trout (Oncorhynchus mykiss) were prepared as

previously described (Chpt.2).
Adherent and nonadherent populations were obtained by seeding washed, Percoll
gradient-separated, Fraction II cells suspended in TCM into a 24 well flat bottomed tissue

culture plate (Corning 25820). Unless otherwise stated, each well received 107 cells in
1 ml. The cultures were incubated for 24 hours at 17°C. Following the incubation period,
the supernatant in each well was removed from the settled cells and replaced with an equal

volume of fresh TCM. The nonadherent cells were resuspended with a Pasteur pipette and

transferred to adjacent wells. A volume of TCM equivalent to the removed supernatant

was placed in the wells containing the adherent population. All cell preparations and
tissue culture procedures were done in the absence of fetal calf serum (FCS).

Assay for Superoxide Production

Prior to each assay, the incubation medium was removed from settled cells in 24
or 12 well plates and replaced with 1 ml CS. The nonadherent cells were resuspended and
an aliquot (50 or 100111) was removed for counting. Viabilities by Trypan Blue exclusion

were always above 92%. The volume of each suspension was adjusted to equalize the
number of cells per ml and 100 p.1 aliquots of each suspension were placed into wells of

a 96 well microtitre plate.

Production of superoxide was determined by the cytochrome c reduction assay
as previously described (Chpt.2).

86

Effect of LPS

One ml aliquots containing 2 x 107 Fraction II cells were separated into
nonadherent cells, adherent cells, or left as Fraction II unseparated cells in 24 well plates.

Each well containing these cells received 100 µg/ml of LPS in TCM. Control wells
received 100 pi of TCM. Cultures were incubated for 24 or 48 hours at 17°C. At the end

of the incubation period the nonadherent cells were assayed for superoxide production
as described above. For each incubation period, extra wells were used for cell counts.

Total Cell Counts

To obtain counts of nonadherent cells, supernatants were removed from wells
containing settled unseparated and settled nonadherent cells and replaced with 1 ml CS.

Cells were resuspended with a Pasteur pipette, and counted in a hemacytometer.
Cell viabilities were determined by Trypan Blue exclusion.
To count adherent cells, nonadherent cells were resuspended and removed. The
adherent cells were washed once with 1 ml CS to remove residual nonadherent cells. The

supernatant in each well was then replaced with 500 µl of lysis buffer containing 0.1 M

citric acid, 1% Tween 20, 0.05% crystal violet (Chung and Secombes, 1988). After 4
minutes at room temperature, the nuclei were counted in a hemacytometer.
Cytochemical protocols for non-specific esterase indicative of macrophages and
Sudan Black indicative of neutrophils were performed as previously described (Chpt.2).
Statistical significance was determined by paired or independent Student's t-Test

and significance was taken at p < 0.05 level.
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Effect of LPS-pulsed Adherent Cells on the Oxidative Burst of Nonadherent Cells

Adherent cells from 1 x 107 cells/ml Fraction II cells in a 12 well flat bottomed

tissue culture plate (Corning 25815) were incubated in the presence of 10014/ml LPS.
Controls received TCM only. Cultures were incubated for 24 hours at 17°C.
Following the incubation period, supernatants were removed from each well and

the remaining adherent cells were washed once with 1 ml TCM. Each well of washed
adherents then received 107 fresh nonadherent cells in 1 ml from a separate Fraction II
preparation. Control wells with no adherent cells present received 1 ml of 1 x 107 cells/

ml of nonadherent cells with 100µg /m1 LPS or TCM. Cultures were incubated for 24
hours at 17°C.
At the end of the incubation period, nonadherent cells were counted, assayed for

superoxide production, and stained cytochemically as described.

Effect of Conditioned Medium from LPS-Pulsed Adherent Cells

Adherent cells from 3 x 107 Fraction II cells were incubated in 24 well plates in

1 ml TCM with or without 100 µg /ml LPS for 24 hours at 17°C. At the end of the
incubation period, supernatants were removed from the adherent cells and added to wells

containing 107 settled nonadherent cells. Control wells contained 107 nonadherent cells

in 1 ml TCM with or without 100 µg /m1 LPS. Cultures were incubated for 24 hours at

17°C. At the end of this incubation period the nonadherent cells were assayed for
superoxide production.
To determine the effect of conditioned medium on cell numbers and viabilities,

a separate experiment was done following the above protocol, except conditioned
medium from the adherent cells of 2 x 107 Fraction II cells were added to 2 x 107
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nonadherent cells. At the end of the incubation period, nonadherent cell viability and
numbers were determined as previously described.

Effect of Lymphocyte-enriched Cell Fraction

Fifty microliters containing 5 x 105 Fraction II cells and 50 1.11 with the same
number of Fraction HI lymphocyte enriched (Plytycz, et al., 1989) cells were combined

in wells of a 96 well microtitre plate. Other wells received 100 IA of 5 x 106 cells/ml
Fraction H cells. Each well received 100 µg /ml LPS; control wells received TCM. The

cultures were incubated for 24 hours at 17°C. At the end of the incubation period
supernatants were removed from the settled cells and replaced with 100 ill CS. The cells

were resuspended and assayed for superoxide production as described above.

Effect of LPS-pulsed Lymphocyte-enriched Cells

One milliliter aliquots with 107 cells/m1Fraction HI (lymphocyte-enriched) cells

were placed into wells of a 24 well tissue culture plate. Each well received 100 p.g/ml
LPS; control wells received TCM. Cultures were incubated for 24 hours at 17°C. At the

end of the incubation period, supernatants were removed from the settled cells and
replaced with 1 ml containing 107 nonadherent Fraction II cells separated from adherent

cells following a 24 hour incubation period. Control wells consisted of 107 nonadherent

cells with or without 100 p.g /ml LPS. Cells were mixed by gently resuspending with a
Pasteur pipette and incubated for 24 hours at 17° C. At the end of the incubation period

nonadherent cells were assayed for superoxide production as described above.
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RESULTS

Preincubation with LPS

When RBT pronephric Fraction II cells containing both adherent and nonadherent

cells were preincubated with 100 p.g /ml LPS for 24 hours, the nonadherent population
demonstrated enhanced PMA-stimulated superoxide production ; the magnitude of the
response of the LPS treated cultures was approximately 20% greater after 30 minutes of

incubation with PMA (Fig.3.1a). When the same nonadherent pronephric Fraction II
cells were incubated with LPS in the absence of adherent cells, no enhancement of PMA

stimulated superoxide production was observed. (Fig.3.lb).
In contrast to the enhancement observed following 24 hours' preincubation with

LPS, nonadherent cells exposed to LPS for 48 hours in the presence of adherent cells
showed a depressed respiratory burst response (Fig.3.2a). At the end of 30 minutes of

PMA stimulation, the magnitude of the LPS treated cells' superoxide production was
about 20% less than that of the control cells. In the absence of adherent cells, however,
LPS did not depress the nonadherent cells' respiratory burst (Fig.3.2b). The responses to

PMA of the LPS-treated and control groups were almost identical as had been observed

for the 24 hour preincubated group described above.

LPS on its own without the presence of PMA was not able to stimulate the
production of superoxide by nonadherent cells. Viability of cells was consistently above

90% and not affected by LPS (data not shown).

LPS Effect on Cell Adherence

LPS induced increased adhesiveness of rainbow trout pronephric nonadherent
cells to plastic in vitro. Preincubation of Fraction II cells with LPS for 24 hours decreased

90

the number of nonadherent cells in suspension by almost 17% in comparison to the

untreated group (Fig.3.3). Increased time of exposure to LPS resulted in increased
adherence. Fraction II cells incubated in the presence of LPS for 48 hours had approximately 40% less cells left in suspension than the control group (Fig.3.4a). This is about

two times more than the cells removed from suspension following a 24 hour LPS
exposure (Fig.3.3).

If the decrease in numbers of nonadherent cells was due to them becoming
adherent, then the number of adherent cells in the same culture would be expected to
increase. Fig.3.4b shows an increase of approximately 38% in the number of adherent

cells in a culture of unseparated Fraction 11 cells preincubated with LPS. Adhesion
induction by LPS required the presence of adherent cells: incubation of the nonadherent
cells with LPS did not affect their adhesiveness in the absence of adherent cells (Fig.3.4c).

Previous work has shown that the majority of the RBT pronephric nonadherent

population consists of cells which stain positively with Sudan Black (SB), and the
adherent population is positive for nonspecific esterase (Chpt.2). The cells which are
removed from the nonadherent population and added to the adherent population due to
increased adhesiveness following LPS treatment are the SB staining cells. Nonadherent
cells incubated in the presence of adherent cells and LPS for 48 hours showed a two fold

decrease in the number of SB staining cells in the nonadherent population paralleled by
a two fold increase in the number of SB staining cells in the adherent population (Fig.3.5a
and 3.5b). Incubation of unseparated Fraction II adherent and nonadherent cells with LPS

for 48 hours did not affect the number of nonadherent cells staining positive for
nonspecific esterase (Fig.3.5c).
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Effect of LPS-Pulsed Adherent Cells

Because the in vitro action of LPS on nonadherent cells appeared to require the
presence of adherent cells, we examined the ability of adherent cells pretreated with LPS
to simulate the effect of LPS on nonadherent cell functions. We predicted that nonadherent

cells exposed for 24 hours to adherent cells previously pulsed for 24 hours with LPS
would simulate the effects of 48 hour co-culturing of adherent and nonadherent cells with

LPS.

Both LPS- and TCM-pulsed adherent cells decreased the superoxide anion
production by nonadherent cells as compared to cells cultured with LPS or medium alone

(Fig.3 .6) paralleling the results of 48 hours of co-culturing of adherent and nonadherent
cells (Fig.3.2).The response by cells exposed to LPS alone and stimulated with PMA for

30 minutes was approximately 32% higher than that of the cells exposed to LPS-pulsed

adherent cells. Just the presence of precultured adherent cells, however, was sufficient

for a diminished respiratory burst: incubation of nonadherent cells with TCM-pulsed
adherents diminished the production of superoxide at the end of 30 minutes of PMA
stimulation by 28%, as compared to the level of superoxide produced by the nonadherent

cells incubated with TCM alone. The expected result would have been a similar level of

superoxide production by the two TCM-treated groups.
The capacity of pre-incubated adherent cells to induce adherence of nonadherent

cells was difficult to study by means of total cell counts due to the tendency of some of

the pre-cultured adherent cells to become nonadherent over time. But since an earlier

study (Chpt.2) showed only nonadherent cells staining with SB, this cytochemical
staining parameter was used to obtain data on quantitative changes in the nonadherent

population. When the number of nonadherent cells positive for SB were counted, the
presence of pre-cultured adherent cells caused an almost 50% decrease in comparison to
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the number of nonadherent cells staining with SB cultured in the presence or absence of

LPS (Fig.3.7). Again, the adherence-inducing ability of LPS treated adherent cells did

not differ from that of the TCM-treated adherent cells, a condition paralleling the
previous observation on superoxide production (Fig.3.6). Also as expected, LPS had no

effect on the adherence capacity of nonadherent cells in the absence of adherent cells.

Effect of Conditioned Medium from LPS-Pulsed Adherent Cells

Considering the observations described above, we next examined whether the

effect of pre-cultured adherent cells on superoxide production and adherence of
nonadherent cells were mediated by soluble factors derived from adherent cells. As had

been the case with pulsed-adherent cells in co-culture, supernatants from both LPStreated and TCM-treated adherent cells caused a depressed respiratory burst response by

nonadherent cells (Fig.3.8a) as compared to nonadherent cells cultured with LPS or
medium alone (Fig.3.8b). But unlike the case with pulsed-adherent cells, supernatants

from adherent cells exposed to LPS caused an additional 17% statistically significant
depression of the respiratory response when compared to the effect of supernatants from

TCM-treated cells (Fig.3.8a).
In addition to affecting the respiratory burst, supernatants from adherent cells also

induced some nonadherent cells to adhere. This is seen in Fig.3.9a as an almost 28%

statistically significant decrease in the number of nonadherent cells remaining in
suspension following exposure to supernatants from LPS-treated adherent cells compared to the number of nonadherents cultured with supernatants from TCM-treated cells.

This decrease in the number of suspended nonadherent cells could not be the result of
residual LPS in the supernatant as the same population of nonadherent cells exposed to

LPS alone showed no difference in cell numbers from controls. Adherence increasing
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activity was present only in supernatants from LPS-treated cells. There was no statistical

difference in the number of nonadherent cells in cultures containing TCM-treated cell
supernatants or TCM alone. As expected, nonadherent cultures containing LPS in the
absence of adherent cells showed no reduction in cell numbers.
The decrease in nonadherent cell numbers as observed after addition of cell-free

supernatants was not due to a toxic effect of the conditioned medium (Fig.3.9b).
Viabilities of cultures exposed to supernatants from treated and untreated cells, to LPS

or medium alone, did not significantly differ from each other.

Effect of Lymphocyte-enriched Fraction Cells

The cells in Fraction II of Percoll separated pronephric leukocytes include some

non-phagocytic cells, mainly lymphocytes. Therefore the roles of other cell types in
mediating the LPS effect on nonadherent cells had to be considered. Because results from

experiments (not shown) using unfractionated pronephric leukocytes (all cell types
present) repeatedly showed no increased or decreased ability of LPS preincubation to

alter nonadherent respiratory burst activity when compared with experiments using
Fraction II cells (enriched for phagocytes), the assumption was made that the cell types

excluded by fractionation must not play a significant role in the ability of LPS to
modulate nonadherent cell activity.

Two experiments were conducted to test this assumption. Cells obtained from
Fraction III of a Percoll gradient were heavily enriched for lymphocytes (Plytycz et al.,
1989). When cultures of Fraction II nonadherent cells were supplemented with an equal
number of Fraction III cells and pre-incubated with LPS, no augmentation of superoxide

production occurred (Fig.3.10). The kinetics of the respiratory burst of these cultures
were the same as for the cultures containing only Fraction II cells.
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In another experiment, Fraction III cells were exposed to LPS for 24 hours, then
cultured for another 24 hours with an equal number of Fraction II nonadherent cells. The
magnitude of the oxidative burst after 30 minutes of stimulation with PMA of nonadherent

cells co-cultured with LPS-pretreated Fraction III cells was about 6% lower than the
response of those cells co-cultured with TCM-pretreated Fraction III cells (Fig.3. 11a).

The kinetics of the respiratory burst of the same population of Fraction II nonadherent

cells were not altered by preincubation with LPS in the absence of Fraction BI
lymphocytes (Fig.3.11b). Because the results discussed here are based on only one
experiment, caution should be exercised in drawing conclusions regarding the role of
lymphocytes.

DISCUSSION

The results of this study show that superoxide production by trout leukocytes is

subject to modification by LPS in vitro. Rainbow trout head kidney cells preincubated

with 100 µg/ml LPS for 24 hours demonstrated enhanced superoxide production
(priming) of the nonadherent population (predominantly neutrophils) when exposed to
a second triggering agent, PMA. Exposure to LPS for a longer period of time (48 hours)

resulted in a depression of superoxide production. In addition to modifying their
respiratory burst, LPS in vitro increased the adherence of nonadherent cells to plastic. The

effects of LPS on nonadherent cell respiratory burst capacity and adhesiveness were not

direct, but mediated via the adherent population.
Although this is the first report of the priming of the respiratory burst by LPS in

fish, there is ample evidence for this phenomenon in mammals (Proctor, 1979; Guthrie
et al., 1984; Forehand et al., 1989; Aida and Pabst, 1990, 1991). Primed fish cells exposed

to PMA display a profile of responsiveness similar to that of primed human leukocytes:
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LPS-primed cells exposed to the same concentration of PMA for the same length of time

produce a respiratory burst of greater magnitude than non-primed cells, this difference
continuing for at least 10 minutes into the response (Fig.3.1) (Forehand et al., 1989).

LPS-induced priming developed much more slowly in rainbow trout than in
mammals. Human neutrophils were primed following 10-120 minute incubation times

(Forehand et al., 1989), while the fish response showing similar kinetics were evident
following 24 hours of preincubation, no priming being evident 4 to 6 hours post LPS-

exposure (experiments not shown). This difference in time may be a function of the
differences in culture temperatures (17° C vs. 37° C) and fish maintenance temperatures
(12° C) and is consistent with the temperature dependence of enzyme kinetics as well as

of immune function in fish (Rijkers, 1982; Clem et al., 1985).

In addition to priming of superoxide production, LPS induces adherence of
mammalian neutrophils to plastic (Dahinden et al., 1983; Worthen et al., 1992). As
reported in Chpt.2, the nonadherent population of our Fraction II of the rainbow trout
pronephros is strongly enriched for neutrophils, and the adherent population is enriched

for macrophages, both cell types being similar to their mammalian counterparts as
confirmed by cytochemical markers. Our study shows that LPS has the ability to induce

adherence of fish nonadherent cells/neutrophils, as evidenced by the decrease in the

number of Sudan Black staining cells (neutrophils) in the nonadherent population
cultured with LPS, as compared to those cultured with medium alone, and the number of

cells removed by LPS-induced adherence increases with time in culture (Figs.3.3 and
3.4). No change occurs in the esterase positive cells (macrophages) suggesting that LPS
does not recruit monocytes/macrophages in the nonadherent population to become more

adherent. This last finding is interesting in light of a study which reported the macrophages of the rainbow trout to be a heterogenous population in which individual cells differ

in their abilities to become more adherent over a 72 hour culture period (Braun-Nesje, et
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al., 1982). Because we saw no decrease in macrophages (esterase positive cells) in the

nonadherent LPS-exposed population compared to controls over a 24-48 hour culture

period, we conclude that LPS does not influence this reported adherence-maturation
process of trout macrophages.
This study shows that while a 24 hour preincubation period with LPS enhances
the superoxide response, by 48 hours the response is diminished (Figs.3.1 and 3.2). This

reduced responsiveness could be due to the removal of PMA-reactive neutrophils by
LPS-induced adherence (Fig.3.4a); in such a case the remaining population of nonadherent

cells, although adjusted to the same number as in the non-LPS exposed neutrophils,
would contain fewer cells capable of generating a respiratory burst. Although the data for

the 48-hour preincubation period are based on nonadherent cells only (Fig.3.2), other
experiments not shown gave the same results when a total population of adherent and

nonadherent cells incubated for 48 hours with LPS was assayed. This last finding
confirms our earlier finding (Chpt.2) that adherence causes a reduction in the oxidative
burst capacity of nonadherent cells/neutrophils. In mammals, actin polymerization may
mediate diminished superoxide production by adherent cells (Bengsston et al., 1991), and

since LPS has been reported to increase actin polymerization in human neutrophils
(Howard et al., 1990) this common pathway may serve as a mechanism for LPS-mediated

increase in adherence and subsequent decrease in superoxide production by fish neutro-

phils as well.
A puzzling observation was the diminished response of the control cells cultured
for 48 hours in the absence of adherent cells (Fig.3.2b) compared to culture in the presence

of adherent cells (Fig.3.2a). Although not consistently observed, this phenomenon did
occur in two out of the five experiments done. Because neither cell numbers nor viability

was significantly affected, a cytokine produced by the adherent cells could influence the

PMA-sensitivity of the cells. Inconsistent with this explanation, however, is the failure
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of supernatants from medium-cultured cells to show evidence of such a putative
"nurturing" factor (Fig.3.8). An alternative explanation might be that the maturation of
cells in culture renders them less sensitive to PMA. Because the pronephros in fish is a

hemopoietic organ and composed of cells at various stages of maturity, individual
variation within the experimental fish population might result in the harvesting of cells

differing in their developmental profiles. A decrease in PMA-stimulated superoxide
production accompanying maturation of human phagocytes in culture has been reported

(Cassatella et al., 1985).

Perhaps the most interesting finding of this study was the requirement for
adherent cells in order for LPS to affect adherence and superoxide production by
nonadherent cells (Figs.3.1 -3.4). The effects of LPS on mammalian neutrophil activity

have been found to be mediated by soluble factors produced by LPS-stimulated
monocytes/macrophages, notably I1-1 and tumor necrosis factor (TNF-a) (Dinarello,

1988). TNF (also known as cachectin) is secreted by monocytes/macrophages in
response to LPS-stimulation (Carswell et al., 1975; Beutler and Cerami, 1986; Urban et

al., 1986) and exhibits a wide range of biological activities including the ability to
modulate neutrophil adherence (Larrick et al., 1987; Thompson and Matsushima, 1992)

and superoxide production (Klebanoff et al., 1986; Berkow et al., 1987; Sample and
Czuprynski, 1991). TNF has also been identified as the mediator of LPS-induced toxic
shock syndrome in sensitive species (Beutler et al., 1985; Zentella et al., 1990). In our
study, LPS-stimulated adherent cells and their supernatants simulated the effects of LPS

on nonadherent cells: increased adherence and decreased superoxide production. This

resembles the effect of TNF reported in mammals, suggesting the possibility of a
macrophage-derived soluble factor as a mediator of LPS activity in rainbow trout. This
possibility is also supported by the LPS-induced hypoferremia reported in rainbow trout

(Congleton and Wagner, 1991) and the LPS-mediated production of CRP in plaice
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(White and Fletcher, 1982). Although a fish homolog of mammalian TNF has not been
identified, indirect evidence for the existence of such a molecule in fish has been provided

by a study suggesting the expression of functional receptors for human rTNF -ct on
rainbow trout leukocytes (Secombes, 1994). The existence of another phagocyte-derived
cytokine in fish has been suggested by reports of I1-1 like activity in channel catfish and

rainbow trout (Clem et al., 1985; Hamby et al., 1986; Graham and Secombes, 1990b). It

seems therefore likely that an immunoregulatory molecule similar to mammalian TNF
may occur in fish.
It is possible that cell types other than adherent cells/macrophages could mediate
the LPS-induced effects reported here. The results shown in Fig.3.11a suggest a possible

lymphocyte involvement. In mammals, LPS stimulates lymphocytes to produce interferon-gamma (Ho, 1983). This cytokine acts synergistically with LPS to affect phagocyte

functions (Cassatella et al., 1990). Although an interferon-like molecule has been
reported in rainbow trout (Graham and Secombes, 1990a), no work has been done on its

potential influences on fish neutrophil functions. In the work done in this study with
Fraction II cells however, lymphocytes comprised about 1% of cells present. The soluble
products from such a small number of cells would likely have been swamped by products

from the larger number of adherent cells/macrophages present. The relevance of
lymphocyte cell numbers and the possible effects of their products are likely small, since

a population of nonadherent cells enriched by 50% with lymphocytes exposed to LPS
produced only a 6% lower respiratory burst after 30 minutes of PMA stimulation when

compared to TCM-treated cells.
All the in vitro work in this study was done in the absence of serum. Because LPS

is capable of activating mammalian complement the by-products of which can stimulate
neutrophils (Webster et al., 1980), and because serum contains other soluble factors such

as growth hormones, interleukins, and binding proteins which can potentially affect
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neutrophil responses (Fu et al., 1991), the absence of FCS in our study allowed for a more

clear evaluation of the direct effects of LPS without the complications of serum factors.
The absence of serum in this study is significant because it shows that plasma is

not required for LPS-mediated modulation of RBT neutrophil activity. This parallels
observations made on mammalian cells showing that LPS-priming of neutrophils is not
dependent on plasma if TNF is present. Also direct stimulation of mammalian neutrophils

by LPS is possible without TNF if serum is present (Aida and Pabst, 1990). Although in

this study experiments were not run to compare effects in the presence and absence of
serum, direct stimulation of channel catfish neutrophils by LPS has been reported, but

only after prior treatment of LPS with homologous serum (Dexiang and Ainsworth,
1991). Thus, in fish, a serum requirement for LPS-activity may exist in the absence of

adherent cell/macrophage-derived mediators as has been reported for mammals (Aida
and Pabst, 1990).
This work has suggested that, in fish, LPS can increase the generation of oxygen

metabolites by granulocytes. In addition, this work confirms similarities in function
between neutrophils of higher and lower vertebrates and provides additional evidence for

the existence of cytokine-like immunoregulatory molecules in fish. Since TNF has been

shown to mediate some of the toxic effects of LPS in mammals (Beutler et al., 1985;

Trautinger et al., 1991; Gorgen et al., 1992), we suggest that the insensitivity to LPS
toxicity observed in fish does not lie at the level of production of a TNF-like product from

fish macrophages, but may instead involve the interaction of this factor with target tissues

and organs.
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LPS for 24 hours in (a) the presence and (b) the absence of adherent cells.
Cytochrome c reduction following 30 minutes incubation with PMA. Graphs
represent averages ± S.D. from triplicate counts from three experiments. *: p< 0.05
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Fig.3.4. Effect of LPS incubation (100 pg/m1). Adherence of RBT pronephric
phagocytes incubated for 48 hours a) nonadherent cells in the presence of adherent
cells, (b) adherent cells in the presence of nonadherent cells, (c) nonadherent cells in
the absence of adherent cells. Culture conditions were the same as in Fig.3.3.
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Fig.3.5. Numbers of RBT pronephric phagocytes staining positive for Sudan Black
(SB) and nonspecific esterase (NSE). Effect of LPS (100 µg/ml for 48 hours) (a) SB
positive nonadherent cells cultured in the presence of adherent cells, (b) SB positive
adherent cells cultured in the presence of nonadherent, (c) NSE positive nonadherent
cells cultured in the presence of adherent cells. Graphs represent averages ± S.D.
from triplicate counts from three experiments. *: p< 0.05
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CHAPTER 4

The Effect of Stress and Cortisol on the Respiratory Burst of
Rainbow Trout Phagocytes.

INTRODUCTION

The immunosuppressive effects of stress and corticosteroids in mammals have
been documented (Monjan and Collector, 1977; Riley, 1981). Like mammals, salmonid
fish also react to stressful situations with an increase in plasma cortisol levels (Barton et

al., 1985; Barton et al., 1986; Kebus et al., 1992) and a wide variety of physiological
responses (Barton and Iwama, 1991).
An important change induced by stress in salmonids is a decrease in the ability to

resist disease (Pickering and Duston, 1983; Angelidis et al., 1987; Peters et al., 1988;

Pickering and Pottinger, 1989; Pickering et al., 1989). Though a strong relationship
between cortisol and susceptibility of fish to disease has been established (Woo et al.,
1987; Kent and Hedrick, 1987; Pickering et al., 1989; Pickering and Pottinger, 1989), the

mechanisms by which stress and glucocorticoids mediate reduction in resistance to
pathogens in fish have received little attention.

One suggested cause of this altered disease susceptibility is a reduction of
leukocyte numbers in stressed fish. A significant lymphocytopenia was induced in brown

trout 8 hours after the administration of a 2 minute handling stressor (Pickering et al.,

1982), and chronic crowding of brown and rainbow trout over a three week period
reduced the numbers of circulating lymphocytes (Pickering and Pottinger, 1987). In

addition, rainbow trout subjected to handling and anoxic stress after injection of a
pathogen showed a marked reduction in the number of circulating leukocytes 24 hours

later (Angelidis et al., 1987).
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Stress and corticosteroid administration also produced morphological alterations

of rainbow trout lymphoid and hematopoietic tissues (Chilmonczyk, 1982; Peters and

Schwarzer, 1985). Structural changes such as hypertrophy and increased pseudopod
formation have been reported for head kidney leukocytes in socially stressed rainbow
trout (Peters et al., 1991).
Alteration of disease resistance due to stress and glucocorticoids may also be due

to suppression of lymphocyte function. In chinook salmon, head kidney lymphocytes
from stressed fish had a diminished ability to generate specific antibody in vitro (Mau le

et al., 1989). Antibody production by coho salmon lymphocytes was also suppressed
when lymphocytes were cultured in the presence of cortisol (Tripp et al., 1987). Injection

of synthetic corticosteroids into rainbow trout which had previously been exposed to
pathogens resulted in diminished lymphocyte function (Anderson et al., 1982).
Because pathogens and other microorganisms are usually encountered early by

phagocytes, these cells are important components of disease resistance (Olivier, 1985;
Finco-Kent and Thune, 1987). Only a few studies, however, have addressed the effect of
stress on phagocyte function of salmonid fish. One particular function of phagocytic cells,

the ability to produce bactericidal superoxide molecules and other reactive oxygen

species during a respiratory burst, has been associated with disease resistance in
mammals (Babior, 1984). Fish phagocytes also generate oxygen radicals (Scott and
Klesius, 1981). The purpose of this study was to examine the effects of stress and of in
vitro exposure to dexamethasone, a synthetic cortisol, on the respiratory burst of rainbow

trout phagocytes.
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MATERIALS AND METHODS

Animals and Stress Regime

Adult rainbow trout weighing 200-300g were maintained as previously described

(Chpt.II). One group of fish in a 1.7 m diameter tank was stressed by suspension out of
water for 60 seconds and transferred to a smaller (.5 m diameter) tank. Control fish were
left undisturbed in an adjacent 1.7 m diameter tank. One hour after the induction of stress

the stressed and control fish were killed with a blow to the head and placed on ice.
Cell Preparation and Cytochrome c Reduction Assay

Within 30 minutes of a fish being placed on ice, cells from the pronephros were
prepared and the Percoll-separated Fraction II cells (enriched for phagocytic cells) were

assayed for superoxide production using the previously described cytochrome c reduc-

tion assay (Chpt.II). All assays were done in the presence of catalase.

Statistical significance was determined by the Student's t-test and signifigance
was taken at p< 0.05.

Buffers and Reagents

Tissue culture medium (TCM),Cortland Saline (CS), phorbol myristate acetate
(PMA), catalase and cytochrome c were prepared as previously described (Chpt.II).
Dexamethasone, a synthetic glucocorticoid (Dex) (Sigma D-1756, MW 392.5)

was prepared as a le M stock in a vehicle of 50% dimethyl sulfoxide (DMSO) (Sigma
D5879) and 50% ethyl alcohol (EtOH) in TCM.
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Incubation with Dexamethasone

Washed Fraction H cells were placed into several 15 ml conical polystyrene test
tubes (Corning 25325) at a concentration of 1 x 107 cells/ml. Appropriate aliquots of Dex
stock were added to 2 ml of cell supsensions to obtain final Dex concentration of 10-6 M.
Control cells received DMSO -EtOH vehicle. Cells from each test tube were immediately

seeded (in 100 pl aliquots) into 96 well flat bottom tissue culture plates (Corning 25861)
and incubated for 24 or 72 hours at 17° C. At the end of the incubation periods supernatants

were removed from the settled cells and replaced with equal volumes of CS and assayed

for superoxide production as described. Viability was determined by Trypan Blue
exclusion and was >90%.

Plasma Cortisol Determinations

Aliquots of blood plasma from stressed and unstressed fish were stored at 20° C
for no longer than a month. Plasma cortisol levels were determined by Dr. Carl Schreck' s

Laboratory, Department of Fisheries and Wildlife, Oregon State University, using
radioimmunoassay methods (Foster and Dunn, 1974) adapted for salmonids (Barton et

al., 1986).

RESULTS

Plasma Cortisol Levels

The stress treatment used in these experiments resulted in elevated plasma cortisol

levels one hour post stress. Mean cortisol levels were 30.9 ng/ml ± 11.9 in plasma from
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stressed fish and 4.9 ng /ml ± 4.1 in plasma from unstressed fish. The change in cortisol

due to stress represents almost a six fold increase over control levels.

The Respiratory Burst

Pronephric phagocytes from acutely stressed, adult rainbow trout showed a
significantly depressed ability to produce PMA-stimulated superoxide one hour post

stress (Fig.4.1). At the end of 30 minutes of PMA stimulation, the magnitude of the

response by cells from stressed fish was 78% of the response shown by cells from
unstressed fish. As early as 5 minutes following the start of PMA stimulation, the response

was approximately 20% lower than that of the unstressed fish.

Effect of in vitro Exposure to Dexamethasone

Incubation of pronephric phagocytes in the presence of 10-6- M Dex for 24 hours

(Fig.4.2 a) did not significantly affect the respiratory burst. At the end of 72 hours,

however, the magnitude of the response by the cells exposed to 10-6 M Dex was
approximately 74% of controls following the end of 30 minutes of PMA stimulation
(Fig.4.2 b). In all four experiments done, 10-6 M Dex consistently depressed the response

by statistically significant amounts.

DISCUSSION

This study shows that acute stress can have a suppressive effect on the respiratory

burst of pronephric phagocytes (Fig.4.2). Plasma cortisol levels in the stressed fish were
elevated and in the range previously reported for rainbow trout (Pickering and Pottinger,

1989). Because cortisol is the primary corticosteroid produced by fish in response to
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stressors (Donaldson, 1981), it is suggested that cortisol may be directly responsible for

the observed suppression. This assumption is supported by our finding that in vitro

exposure of phagocytes to a synthetic cortisol, dexamethasone, also resulted in a
depression of PMA-stimulated superoxide production (Fig.4.2 b).
Although it is difficult to compare absolute values of suppressive in vivo cortisol
concentrations (30 ng/ml) with levels of synthetic cortisol (Dex) used in vitro (392 ug/ml),

the levels of the latter are consistent with doses reported in studies examining the in vitro

effects of Dex on mammalian neutrophil functions (Coates et al., 1983; Chettibi et al.,
1993; Shieh et al., 1993). Higher in vitro steroid concentrations have also been reported

for depressed chemiluminescent responses in the striped bass, Morone saxatilis, (Stave
and Roberson, 1985), and for human neutrophils (Welch and Devlin, 1983).
A variety of biological and physical factors can serve as stressors affecting the fish

immune system, but not all functions of fish phagocytic cells appear to be sensitive to
stress in the same way. In a previously reported study, chemiluminescence in rainbow
trout was depressed 24 hours following emersion for 30 seconds (Angelidis et al., 1987).

Our study shows that just 60 seconds of emersion results in depressed superoxide
production evident as early as one hour post stress. In addition, while the ability of
rainbow trout macrophages to support lymphocyte antibody production is diminished
upon in vitro exposure to cortisol (Tripp et al., 1987), handling and transport stress do not

alter channel catfish macrophage ability to support lymphocyte mitogen stimulation

(Elsaesser and Clem, 1986). Likewise, phagocytosis is unaltered by handling and
transport stress in channel catfish (Elsaesser and Clem, 1987; Ainsworth et al., 1991), but

enhanced by social stress in rainbow trout (Peters et al., 1991). These differences are
difficult to explain. Aside from differences in type and duration of the stressor, additional

factors such as previous exposure to stress, species differences, as well as gender and age

may play a role.
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The mechanism of stress-mediated suppression of superoxide production is not
known. Because an effect can be seen in this study within an hour following in vivo stress,

while in vitro no effect is seen until 72 hours of exposure to the synthetic cortisol, two

separate mechanisms of respiratory burst alteration ( by glucocorticoids ) may be
involved. For instance, factors not present in vitro may mediate the ability of in vivo stress

to alter superoxide production within a short amount of time (1 hour). Neurotransmitters

may be likely mediators of such short term effects of stress as analogs of epinephrine, a

catecholamine released in response to stress, have been reported to have immediate
depressive effects in vitro on the respiratory burst of rainbow trout pronephric phagocytes

(Bayne and Levy, 1991 a,b). A direct steroidal effect on neutrophil function in vitro may

involve longer time-requiring mechanisms such as alterations in gene expression or
mediation through another cell type present in culture. The ability of stress hormones such

as cortisol and dexamethasone to directly alter mammalian neutrophil functions in vitro

has been reported (Coates et al., 1983; Schleimer, 1985; Webb and Roth, 1987).
Hydrocortisone and dexamethasone can also regulate mammalian neutrophil function in

culture by stimulating factors from monocytes/macrophages (Frank and Roth, 1986;
Chettibi, S. et al., 1993).
In summary, we have shown that an important function of fish phagocytic cells,
the ability to produce superoxide, is depressed by acute stress. Because these cells serve

a critical role in the defense of the fish against invading pathogens, a diminished
superoxide-generating response may serve as a contributing factor to increased disease

susceptibility reported for stressed fish.
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Figure 4.1. Reduction of cytochrome c by pronephric phagocyte cells from stressed
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0.05.
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SUMMARY AND CONCLUSION

Leukocytes within the pronephros of the rainbow trout include phagocytes of two

types: adherent phagocytes resemble mammalian macrophages in structure and function,

and non-adherent phagocytes resemble neutrophils. Both mammalian and fish neutro-

phils produce superoxide anions and other reactive oxygen species that serve as a
defensive role against invading pathogens, other microorganisms, and parasites. Studies

reported in this thesis show that parameters that modulate the production of superoxide
by neutrophils are similar in both fish and the more extensively characterized mammals.
Although both macrophages and neutrophils are capable of respiratory bursts, this

study has shown that fish neutrophils, like their mammalian counterparts, produce more

superoxide per cell than do the macrophages. Also this thesis confirms previous studies
in finding that hydrogen peroxide, a metabolite of superoxide anion, is produced by fish
phagocytic cells, implying the presence of superoxide di smutase. The respiratory burst of

trout phagocytes proceeds at temperatures that are higher than the maintenance tempera-

ture of the fish.
Several factors that modulate the respiratory burst in trout phagocytes resemble
factors known to modulate this process in mammals. In both groups, cell crowding affects

superoxide production: cells cultured in more crowded conditions produce less superoxide on a per cell basis than those cultured in the presence of fewer cells. In addition, both

fish and mammalian neutrophils undergo a reduced respiratory burst when they are
adherent to the substratum relative to the burst in suspension. Because both fish and
mammalian neutrophils must adhere to capillary endothelium before extravasation to the

tissues, it appears likely that down-regulation of the respiratory burst by substratum
adhesion may be advantageous in all vertebrates as a means of reducing endothelial injury.
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Lipopolysaccharide modulated the respiratory burst of trout neutrophils, and
macrophages have been found to be required for this effect. The interaction between the
two cell types suggests the presence of a cytokine -like immunoregulatory molecule in the

lower vertebrate. In mammals, LPS-stimulated macrophages produce cytokines (IL-1
and TNF-alpha). which have been shown to alter PMN activity. In addition, TNF appears

to mediate the toxic effects of LPS (endotoxin) which occurs in mammals. As trout are

insensitive to the toxic effects of LPS while they are capable of producing a TNF-like
soluble factor, LPS toxicity in higher vertebrates may be mediated through targets that are

absent in LPS-insensitive species.
Environmental stress reduces respiratory bursts in both fish and mammals. Stress-

induced immunosuppression is mediated in both groups by corticosteroids, consistent
with results reported here: superoxide production was depressed by both acute stress and

by in vitro incubation of phagocytes with the stress hormone cortisol. Thus the negative
influences of stress on organismal well-being appear to be mediated by similar pathways

in organisms that are distantly related but share a common evolutionary history
This thesis has shown that respiratory bursts in lower and higher vertebrates are

modulated by several similar factors. Over the long evolutionary history of phagocytic
cells, it appears that there has been conservation of modulating mechanisms that parallel

conservation of functions.
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