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ABSTRACT 

Corvnebacterium pseudotuberculosis causes caseous lymphadenitis of 

sheep and goats and produces a phospholipase D (PLD) exotoxin which is 

putatively important in pathogenesis. Viability and function of ovine 

polymorphonuclear leukocytes (PMN) treated with crude and purified forms of PLD 

were determined by various assays. PMN viability by dye exclusion showed that 

PLD-treatment had a significant effect only after 24 hour incubation. Scanning 

electron microscopy of PLD-treated ovine erythrocytes revealed membrane 

alterations, but no such alterations were seen in PLD-treated PMN. Transmission 

electron microscopy revealed significantly fewer granules in PMN treated with PLD, 

although other facets of phagocytic function appeared to be normal, including 

phagosome-lysosome fusion. PLD-treated PMN were significantly reduced in their 

ability to internalize Corvnebacterium pseudotuberculosis and to attach to or 

phagocytose Staphylococcus eoidermidis. Purified PLD activated normal sheep 

serum, producing chemotactic factors. PLD treatment of PMN significantly 

reduced the ability of these cells to migrate toward activated sheep serum. 



10 

Chapter 1 

LITERATURE REVIEW 

Corvnebacterium pseudotuberculosis, which was first isolated from 

sheep renal abscesses (Preisz and Guinard, 1891), has been identified as an 

etiologic agent of disease in several animal species (Gillespie and Timoney, 1981) 

and occurs worldwide (Ashfaq and Campbell, 1980; Gillespie and Timoney, 1981; 

Knight, 1979; Williamson and Nairn, 1980; Zaki, 1968). Two specific disease 

syndromes have been documented: caseous lymphadenitis (CL) of sheep and 

goats and ulcerative lymphangitis and subacute abscesses in horses, CL being 

of greatest economic importance (Burrell, 1980a). In CL, bacteria usually enter 

through traumatized skin, multiply locally in subepithelial tissue, and rapidly 

produce microabscesses. From this initial site, bacteria may be transported 

independently or within phagocytes to regional lymph nodes (Jolly, 1965a; Hard 

1969; Hard, 1972b), where survival and multiplication result in development of 

suppurative, caseous lesions of one or more of the large superficial lymph nodes; 

this is the primary manifestation of this disease (Burrell, 1980a; Carne 1939; Doty 

et al, 1964; Gillespie and Timoney, 1981; Miers and Ley 1980; Nairn and 

Robertson, 1974). Dissemination from such an abscess to visceral organs results 

in the clinical manifestation known as "thin-ewe syndrome" (Burrell, 1980a; Gillespie 

and Timoney, 1981; Nairn and Robertson, 1974). This internal form of the disease 
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occurs less frequently but is more severe, eventually resulting in the death of the 

animal. 

In horses, ulcerative lymphangitis is characterized by inflammation of the 

lymphatics in the lower limbs, with edema and suppurative abscessation 

(Brumbaugh and Ekman, 1981; Hughes and Biberstein, 1959; Knight, 1978; Miers 

and Ley, 1980). Another, more common, syndrome in horses manifests as chronic 

or subacute abscesses in the pectoral, ventral abdominal, and inguinal regions; 

these abscesses may disseminate (Hughes and Biberstein, 1959). Infections have 

also been reported in cattle, deer, swine, and laboratory mice (Biberstein et al, 

1971; McAllister and Keahey, 1971). Disease in humans is rare but has been 

documented in sheep herders and slaughterhouse workers (Blackwell et al, 1974; 

Henderson, 1979; Lipsky et al, 1982). 

Shedding of C. pseudotuberculosis in large numbers from draining 

lymph nodes potentiates transfer of the organism to new hosts (Ashfaq and 

Campbell, 1980). Transmission in sheep is thought to be facilitated by 

contamination of wounds during shearing and dipping (Nairn and Robertson, 

1974; Williamson and Nairn, 1980). The organism can be transmitted by direct 

contact or indirectly by contaminated fomites, due to its proven ability to survive 

well in the environment (Augustine and Renshaw, 1982a; Augustine and Renshaw, 

1982b; Augustine and Renshaw 1982c; Smith, 1966). 



Corvnebacterium pseudotuberculosis is a non-motile, non-spore 

forming, straight-to-slightly-curved, gram positive, short rod. It is facultatively 

anaerobic, forms white or yellowish-white, opaque, flat colonies on blood agar after 

24-48 h incubation, and has a high lipid content in its cell wall (loneda and Silva, 

1979). This bacterium ferments glucose, maltose, and mannose, but not 

arabinose, galactose, inositol, lactose, mannitol, salicin, trehalose, and xylose, and 

is usually strongly urease and catalase positive (Songer et al, 1987). Based on 

host preference and variability in nitrate reduction by C pseudotuberculosis, 

separation into biovars equi and ovis has been suggested (Biberstein et al, 1971; 

Songer et al, 1987). Isolates from small ruminants tend to be nitrate reductase 

negative, whereas equine isolates are able to reduce nitrate. This separation was 

also shown to occur genotypically when DNA was isolated and subjected to 

restriction endonuclease analysis (Songer et al, 1987). 

CL has also been shown to have considerable economic importance. 

One study indicated caseous lymphadenitis to be the most prevalent disease of 

sheep in Australia and considered it to be the primary cause of financial loss in the 

sheep industry (Williamson and Nairn, 1980). Another study has shown caseous 

lymphadenitis to be the third leading cause for condemnation of sheep at 

slaughter in the western United States (Maddy, 1953). Dairy goats with this 

disease have a decreased capacity for milk production and hide values can be 

greatly decreased due to the presence of superficial abscesses (Burrell, 1981a; 



Williams and Nairn, 1980). Although this bacterium is sensitive to a variety of 

antibiotics (Ashfaq and Campbell, 1980; Judson and Songer, 1990), it is still 

difficult to treat CL due to failure of antibiotics to penetrate the thick capsule of the 

abscess (Ashfaq and Campbell, 1980) and to the intracellular residence of the 

organism. Successful treatment usually requires surgical excision of the abscess 

with subsequent intensive antimicrobial therapy and is practical only in horses, in 

small flocks of sheep or goats, and in dairies. 

A toxic phospholipase D (PLD) has been shown to be produced by C. 

pseudotuberculosis (Came, 1939; Carne, 1940; Carne et al, 1956; Soucek et al, 

1967; Zaki, 1965). This protein was purified to at least 80% homogeneity by 

electrofocusing and estimated to have a molecular weight of about 31,000 daltons 

and an isoelectric pH of approximately 9.8 (Under and Bernheimer, 1978; Egen et 

al, 1989). PLD is sensitive to trypsin and pH extremes, and is heat labile, 

detoxified by formalin, and removed by Seitz filtration. It requires calcium and 

magnesium ions for activity on its substrates, sphingomyelin and 

lysophosphatidylcholine, at an optimal pH of 8.5 (Avigad, 1976; Bernheimer and 

Rudy, 1986; Burrell, 1980b; Carne, 1940; Goel and Singh, 1972; Hsu et al, 1985; 

Under, 1984; Lovell and Zaki, 1966; Malmqvist and Mollby, 1981; Songer et al, 

1990; Soucek, 1970; Vertiev et al, 1981). PLD causes dermonecrosis when 

injected intradermal^ and rapid death upon intravenous or subcutaneous injection 

into laboratory rodents and gnotobiotic small ruminants (Hsu et al, 1985; Muckle 



and Gyles, 1983; Souckova and Soucek, 1972). PLD is produced by all reported 

isolates of C. pseudotuberculosis (Barksdale et al, 1981; Came, 1940; Doty et al, 

1964; Songer et al, 1987). Also, all strains probably produce the same antigenic 

form of the toxin (based upon neutralization tests), although some strains have 

been shown to produce PLD at a greater rate, a factor which may relate to 

virulence (Doty et al, 1964). 

Two major assays of PLD activity have been developed, both of which 

are based upon interesting biological properties of the enzyme. The synergistic 

hemolysis (SH) test is based on the fact that although PLD is not independently 

hemolytic, its hydrolysis of membrane sphingomyelin to ceramide phosphate and 

choline allows access to membrane cholesterol by cholesterol oxidase produced 

bv Rhodococcus eaui. resulting in lysis of red cells (Bernheimer et al, 1980; Fraser, 

1964; Under and Bernheimer, 1982; Prescott et al, 1982; Skalka et al, 1980). The 

B-hemolysis inhibition (BHl) test is based on the resistance of PLD-treated red cells 

to the lytic effects of staphylococcal B-hemolysin (sphingomyelinase C) (Barksdale 

et al, 1981; Fraser, 1964; Souckova and Soucek, 1972; Zaki, 1968), Clostridium 

perfrinaens a-toxin (phospholipase C) (Soucek et al, 1967), and helianthin of 

Stoichactis helianthus (Under and Bernheimer, 1978). The speculated PLD mode 

of action in the BHl test is either competition for the same receptor site on the RBC 

membrane or enzymatic cleavage of substrate (Under and Bernheimer, 1978; 

Muckle and Gyles, 1986). Results of one study favored receptor blockage, since 
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PLD remains tightly bound to its substrate after cleavage (Malmqvist and Mollby, 

1981). 

A B-hemolysis-inhibition-active fraction of C. pseudotuberculosis broth 

culture filtrate, partially purified by size exclusion chromatography, has been shown 

to activate complement by the alternate pathway (Anne Muckle, personal 

communication; JG Songer, unpublished data). Also, PLD partially purified by size 

exclusion chromatography was shown to reduce serum complement titers to less 

than 25% of their normal values (Muckle and Gyles, 1986; Souckova and Soucek, 

1972). Results of Muckle's study (1986) also suggested that BHI, PLD, 

dermonecrotic, and lethal activities may be due to separate bacterial products 

(Muckle and Gyles, 1986). This theory, however, has not been supported by the 

findings of others. Of particular importance was the finding of Songer et al (1990) 

that BHI, SH, and PLD activities were all expressed by the same product of the 

PLD gene (old) cloned and expressed in E coli. It may be that two active 

domains on the PLD molecule are separately responsible for sphingomyelin 

hydrolysis/synergistic hemolytic and the B-hemolysis inhibition activities (Muckle 

and Gyles, 1986). 

Although PLD does not cause frank hemolysis of sheep erythrocytes in 

vitro. PLD alone administered to lambs induces hemorrhage and hemolytic anemia, 

possibly due to hydrolytic enzymes found jn vivo which act on the PLD-

compromised red cells (Hsu et al, 1985). Electron microscopic examination of 



16 

PLD-treated sheep erythrocyte membranes revealed extensive pitting; examination 

of extracted phospholipids by HPLC revealed significantly reduced levels of 

membrane sphingomyelin (Brogden et al, in press). Thin layer chromatography 

has been used to demonstrate enzymatic alteration of membrane lipids of human 

fibroblasts by PLD (Under, 1984b). In a study of the effect of various cytolysins 

on human fibroblast membranes, PLD was found to belong to a group of 

substances which induced a very limited increase in the permeability of the plasma 

membrane, based on its ability to cause release of a low molecular weight marker, 

cr-aminoisobutyric acid (Thelelestam and Mollby, 1979). These results suggested 

that through hydrolysis of membrane phospholipids, PLD produced only subtle 

damage to the cell membrane. 

PLD has also been shown to increase vascular permeability (Carne and 

Onon, 1978; Jolly, 1965a; Hard 1969; Hard 1972a; Zaki, 1976). Crude PLD 

preparations introduced intradermal^ into guinea pigs produced an almost 

immediate increase in vascular permeability, with margination of cells and 

neutrophil migration into tissue within 30 min. Mice injected intraperitoneally with 

crude PLD showed significant increases in inflammation as measured by increases 

in amounts of free soluble protein. Both of these inflammatory effects were 

abrogated by inactivating the PLD with heat (100° C, 10 min) or with antiserum 

prepared against the toxin (Jolly, 1965a). Aortic endothelial cells from sheep and 

rabbits were shown to rapidly increase in permeability after PLD-induced 
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sphingomyelin degradation (Came and Onen, 1978). Inflammation in sheep has 

been shown to increase lymph flow and numbers of PMN efferent from the local 

lymph node (Johnston et al, 1979). 

Effects of other bacterial phospholipases on cell membranes suggest 

other potential mechanisms of action of PLD as a virulence attribute. These results 

are presented with caution, since a major problem not always addressed by the 

authors has been use of putatively pure phospholipase preparations which are, in 

fact, likely to contain small amounts of other highly membrane active toxins (such 

as contamination of S. aureus 8-hemolysin preparations by a-toxin and C. 

perfrinaens a-toxin preparations by 0 toxin). A study on the effect of cytolysins 

on human fibroblast membranes showed several phospholipases to be 

responsible for increases in membrane permeability based on the release of 

cytoplasmic markers (Thelestam and Mollby, 1979). Their findings showed that C. 

perfrinaens PLC induced the greatest amount of marker release compared to 

other phospholipases. Bacillus cereus PLC and S. aureus sphingomyelinase C (fi-

toxin) produced only subtle increases in membrane permeability. In another study 

on human fibroblasts, S. aureus sphingomyelinase C was not able to induce 

release of intracellular molecules unless coupled with the action of Brevibacterium 

spp. cholesterol oxidase (Under and Bernheimer, 1984). B-hemolysin can degrade 

up to 85% of the sphingomyelin in human erythrocyte membranes (Allan and 

Walklin, 1987; Zwaal et al, 1975) without causing lysis, but hemolysis of sheep 
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erythrocytes will occur if cells are incubated first at 37 °C to allow enzyme action 

and then briefly at 4°C (Bernheimer et al, 1974). Thus, although the percentages 

of membrane sphingomyelin degraded are similar for B-hemolysin and PLD, one 

might expect somewhat different jn vivo effects based on the demonstrated 

differences in jn vitro effects. 

Most work on phospholipase-induced membrane structural changes has 

been done using erythrocyte membranes. Treatment of sheep, pig, or human 

erythrocytes with C. perfrinaens phospholipase C (a-toxin) leads to a morphologic 

change from a biconcave disc to a sphere containing internal vesicles (Allan et al, 

1975). Human erythrocyte membrane invagination has also been reported in cells 

treated with phospholipase C from C. perfrinaens and Pseudomonas aureofaciens. 

and has been attributed to hydrolysis of phosphatidylcholine (Fujii and Tamura, 

1979). Human erythrocytes treated with sphingomyelinase C from S. aureus 

underwent stomatocytic morphologic changes, followed by membrane 

invaginations and endocytosis, based on scanning and electron microscopic 

examination and internalization of membrane-associated enzyme systems (Allan 

and Walklin, 1987; Wilbers et al, 1978). An electron microscopic study using 

membrane freeze-fracture techniques showed that treatment of human 

erythrocytes with S. aureus sphingomyelinase C produced aggregation of particles 

and the formation of small spheres on the outer fracture face, with corresponding 

pits on the inner fracture face (Verkleij et al, 1973). It has been suggested that 
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these particles are aggregates of the hydrophobic products of phospholipid 

cleavage. 

Treatment of cell membranes by phospholipids has been shown to 

affect membrane receptors, possibly by blocking or altering their specificity for 

other molecules such as complement, immunoglobulins, toxins or lymphokines 

(Avigad, 1976). Sphingomyelin and phosphatidylcholine were found to be tightly 

bound to the soluble IgE-FcR receptor complex in rat basophils, alteration of which 

may lead to compromised function of this site (Rivnay and Fischer, 1986). In a 

study on the ability of antibody-coated chicken erythrocytes to bind to human 

leukocytes, Fc binding to monocytes and lymphocytes was strongly inhibited 

(partially inhibited in neutrophils) by pretreatment of these leukocytes with highly 

purified S. aureus sphingomyelinase C (Wilkinson, 1977). Also, S. aureus 

sphingomyelinase C-treated human neutrophils showed a reduced ability to bind 

human serum albumin (Wilkinson and Allan, 1978). Mast cells of rats treated with 

purified PLC (cr-toxin) from Clostridium perfrinaens released 50% of the cells' 

histamine in the first hour of treatment, by either stimulating degranulation or 

through membrane leakage (Strandberg et al, 1974). On the other hand, rats 

injected intraperitoneally with washed C. pseudotuberculosis showed no abnormal 

accumulation of histamine or 5-hydroxytryptamine in peritoneal exudate (Smith and 

Miles, 1959). However, in light of the lethal effects of minor amounts of PLD 



administered to guinea pigs, it is tempting to speculate on the role of PLD in 

release of histamine from cells in these highly histamine-sensitive animals. 

Several studies have indicated that PLC stimulates oxidative metabolism 

in neutrophils (Grezeskowiak et al, 1987; Patriarca et al, 1970; Styrt et al, 1989). 

PLCs from C. perfrinaens and B. cereus were found to induce superoxide 

production and oxygen consumption by bovine neutrophils, and pretreatment by 

PLC distinctly inhibited oxidative metabolism by these PMNs when later exposed 

to latex beads (Styrt et al, 1989). Neutrophils stimulated in this manner may be 

compromised in their ability to subsequently respond to bacteria, while possibly 

promoting host tissue damage through release of oxygen metabolites. 

Various phospholipases have been shown to affect leukocyte migration 

function (Wilkinson, 1974; Wilkinson, 1975; Wilkinson, 1977; Wilkinson et al, 1976). 

Human blood monocytes treated with either C. perfrinaens PLC or S. aureus 

sphingomyelinase C were shown to inhibit the ability of these cells to migrate 

toward either casein or human serum albumin, using a micropore filter chemotaxis 

chamber method (Wilkinson, 1975; Wilkinson, 1977). In these studies, human 

neutrophil migration was not significantly inhibited by treatment with PLC, but did 

show reduced response when treated with the cholesterol-binding 0-toxin of C. 

perfrinaens. Also, treatment of human neutrophils by purified phospholipase A2 

actually enhanced migration toward chemotactic substances (Wilkinson, 1974). 
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It is thought that these phospholipases affect membrane lipids in a manner similar 

to that of chemotactic factors. 

It has also been shown that phospholipases may affect the attachment 

phase of phagocytosis by macrophages (Allen and Cook, 1970). This study 

showed that murine macrophages treated with either PLC from Clostridium 

perfrinaens or phospholipase A from Naia naia venom altered the cell membrane 

in a manner that reduced bacterial adherence. It was not proven, however, 

whether this effect was due to specific removal of membrane receptor components 

or simply to deterioration of the macrophage. 

The cell membrane lipid of C. pseudotuberculosis was shown to be toxic 

for leukocytes in a study where lipid adsorbed onto activated charcoal was 

phagocytized, after which cells underwent rapid degeneration and death (Came 

et al, 1956). An electron microscopic study of mouse peritoneal macrophages 

which had phagocytized C. pseudotuberculosis showed viable bacteria within 

phagolysosomes, indicating that this organism is a facultative intracellular parasite 

and that the cell wall lipid may have afforded protection from phagocytic killing 

(Hard, 1972b). Evidence for intracellular multiplication of C. pseudotuberculosis 

in murine macrophages was shown when these cells underwent degeneration 

concurrent with 30- to 40-fold increases in the number of phagocytized bacteria 

(Jolly, 1965b). Cytotoxicity of the cell wall lipid was also identified by electron 

microscopic evaluation of mouse macrophages which ingested a cell wall lipid-oil 



emulsion, with membrane components being the target of degeneration (Hard, 

1975). In another electron microscopic study, C. pseudotuberculosis were shown 

to survive in caprine mammary macrophages despite the documentation of 

phagosome-lysosome fusion and eventual leukocyte death within 20 h (Tashjian 

and Campbell, 1983). 

The role of humoral and cellular responses in immunity to CL has been 

addressed by many workers, although definite conclusions have not been reached 

on this subject. Experimentally infected mice demonstrated a resistance to 

reinfection which was associated with specialized macrophages at visceral organ 

abscesses (Jolly, 1965b). The transfer of mononuclear peritoneal cells from 

sensitized mice to naive mice reduced lesion formation from 80% to 20% after 

these mice were challenged with live bacteria (Hard, 1970). Also related to the 

importance of cell-mediated immunity was a study in which T-cell differentiation 

and their response to antigens was enhanced in mice by injecting them with 

levamisole. This treatment significantly enhanced resistance to a virulent C. 

pseudotuberculosis challenge (Irwin and Knight, 1975). PLD may be involved in 

lethal effects to or receptor site damage of T-cells, including T-helper cells. 

Caprine cells binding peanut agglutinin, Lens culinaris agglutinin, or concanavalin 

A (T-cells) were either reduced in number or had significantly fewer receptors for 

these lectins, when cell numbers in infected goats were compared to those in 

healthy goats (Hedden et al, 1986). 
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Several vaccine trials in which sheep or mice were injected with 

formalinized C. pseudotuberculosis have demonstrated apparently increased 

resistance to subsequent inoculation with live bacteria, based on lowered death 

rates (Cameron, 1964; Cameron and Buchan, 1966; Cameron et al, 1969; 

Cameron and Smit, 1970). Although these vaccines protected against death, they 

did not prevent or alter the development of abscesses. In another study, lambs 

were vaccinated with C. pseudotuberculosis whole cells or cell walls and later 

challenged with live bacteria (Brogden et al, 1984). Vaccinated animals had 

significantly fewer abscesses than nonvaccinated controls, and those receiving the 

cell wall vaccine had fewer lesions than those vaccinated with whole cells. 

Although vaccines have provided protection against various aspects of this 

disease, none of these vaccines has been shown to confer absolute immunity. 

On the other hand, it may be that a humoral immune response, 

particularly one involving the production of antitoxic antibodies may be important, 

especially in prevention of infection. Zaki showed that mice inoculated with viable 

C. pseudotuberculosis mixed with antitoxin developed abscesses only at the site 

of entry, whereas mice receiving the same challenge without antitoxin developed 

abscesses throughout the body. Also, mice immunized with toxoid were resistant 

to challenge with viable organisms (Zaki, 1976). Goats immunized with 

formalinized exotoxin developed antibodies against PLD, and spread of the 

bacteria from the initial site of challenge inoculation was limited (Brown et al, 1986). 
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A more recent report has shown that sheep could be vaccinated using detoxified 

PLD from culture supernatant (Eggleton et al, in press). 

Thus, the literature indicates that PLD is putatively important in the 

course of infection caused by C. pseudotuberculosis. Most work has indicated the 

primary role of PLD in pathogenesis to be its ability to facilitate the spread of the 

bacteria by increasing vascular permeability. Most cellular work has concentrated 

on mouse peritoneal macrophages with little or no emphasis on the direct effect 

of PLD on phagocyte function. Clearly, more work concerning the biological 

importance of PLD is warranted. An initial and basic step in this process is to 

determine the effects of PLD on the function of ovine neutrophils. 

Approach 

The first step in my approach to this problem was to develop methods 

for isolation of neutrophils from peripheral sheep blood. Importance was placed 

on reducing contamination by other leukocyte populations and recovering a high 

percentage of viable, fully functional PMN. These cells were then maintained in 

short term interactive cell culture assays. 

Two preparations of PLD were used in this study. A crude preparation 

consisted of filtered (200 nm pore diameter) culture supernatant fluid which was 

dialyzed and concentrated by lyophilization. PLD purified to near-homogeneity 

was prepared by isoelectric focusing. Crude PLD was used in early experiments 
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to establish possible effects and when very high concentrations of PLD were 

desired, as in the viability experiments, in order to conserve the limited supplies 

of purified PLD. 

Trypan blue exclusion was used to determine PMN viability during 

external (PLD in culture media) and internal (uptake of a PLD-oil emulsion) 

treatment with various concentrations of PLD over a 24 h period. Results of these 

experiments were the basis for viability standards for use in subsequent 

experiments. 

Scanning electron microscopy (SEM) was used to detect gross outer 

membrane damage to the PMN. Such damage has previously been demonstrated 

in PLD-treated ovine RBC, which were used as controls. Transmission electron 

microscopy (TEM) was employed to analyze internal structure of PLD-treated PMN, 

including determination of effects on normal phagocytic function, including 

degranulation and phagosome-lysosome fusion, as well as gross structural 

changes. 

The ability of PLD-treated PMN to ingest bacteria was examined in two 

ways. An indirect fluorescent antibody test was used to confirm intracellular 

residence of C. pseudotuberculosis and to determine the percentage of PMN 

which became actively involved in uptake during a C. pseudotuberculosis 

challenge of PMN attached to glass cover slips. In addition, S. eoidermidis was 

used to challenge PLD-treated PMN in a culture tube assay. At given time 



26 

intervals, the PMN culture was thoroughly washed, lysed by sonication, and serial 

dilutions were plated to determine the number of colony-forming units of S. 

epidermidis associated with the PMN. 

Finally, a migration under agarose method was utilized to evaluate the 

ability of PLD to act as a chemotaxin or chemotaxigen for ovine neutrophils. PMN 

were placed in wells in agarose-MEM adjacent to a well containing a potential 

chemotactic agent, followed by incubation to allow for migration of PMN out of the 

well. This technique was also used to measure the ability of PLD-treated PMN to 

migrate toward activated sheep serum. 
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Chapter 2 

MATERIALS AND METHODS 

Bacteria and Culture Conditions 

Corvnebacterium pseudotuberculosis isolates 155 (biovar equfl. 3072B4 

(biovar ovis) and Feeby (biovar ovis) were used in all studies reported here. 

These isolates conformed to all appropriate taxonomic characteristics (Songer et 

al, 1987), produced satisfactory amounts of PLD, and had been passaged very 

few times in vitro. Staphylococcus epidermidis strain 1016 was used in some 

experiments as a nonpathogenic control. Cultures for routine use were maintained 

on tryptose blood agar base (Difco Laboratories Inc, Detroit, Ml) with 5% citrated 

bovine blood at 4° C and sealed with parafilm. Subcultures were made at 

intervals less than or equal to 2 months. Cultures passed more than twice were 

discarded and replaced with lyophilized stock. For use in experiments, single 

isolated colonies from blood agar plates were inoculated into 10 ml amounts of 

brain heart infusion broth (BHIB) (Difco) with 0.1 % Tween 80 (Sigma Chemical Co, 

St Louis, MO) in 20 x 125 mm glass screw-capped culture tubes. Tubes were 

incubated 20-24 h at 37° C in an Environ Shaker (Lab Line Instruments, Inc., 

Melrose Park, IL) at 250 rpm. Cultures were centrifuged (Beckman J-21M, Palo 

Alto, CA) at 5930 x g, 15 min, 4° C, supernatant fluid was decanted, and the 

bacterial pellet was washed twice with an equal volume of PBS (pH 7.2). Washed 
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cultures were plated after serial dilution to determine the number of colony forming 

units (cfu) per ml. Cultures were then used directly in experiments or frozen in 1 

ml aliquots of PBS-5.0% glycerol at -70° C for future use. 

Blood Collection and Neutrophil Isolation 

Peripheral blood was collected from normal sheep via jugular puncture, 

using an 18 gauge needle and a 60 cc syringe. Thirty ml of blood was collected 

aseptically into an equal volume of Alsever's solution. Blood was transferred into 

four 15 ml conical screw cap tubes (Falcon, Lincoln Park, NJ) in a laminar flow 

hood and spun at 400 x g (1500 rpm) for 25 min in a Sorvall model GLC-2B table 

top centrifuge (DuPont Instruments, Newtown, CT). Serum was pipetted off and 

the buffy coat removed using a sterile bent needle attached to a 3 ml syringe. The 

same syringe and needle were then used to remove the upper 2/3 of the packed 

red cells, which were then placed into two 15 ml round bottom tubes (Falcon). 

The tubes were filled with about 12 ml of ammonium chloride buffer (0.155M 

NH4CI, 0.01 M KHCOg, 0.1 mM EDTA) which caused isotonic lysis of the red cells, 

leaving the leukocytes undamaged. These tubes were gently rocked several times 

until hemolysis was observed and then were centrifuged at 150 x g (900 rpm) 

using a Sorvall table top centrifuge. The supernatant fluid was decanted, leaving 

a pellet of leukocytes. These cells were then washed 3 times with PBS (pH 7.2), 

taking care to remove all unlysed or hemolyzed red cells, and leukocytes were 

finally suspended in Hank's Balanced Salt Solution (pH 7.2, Difco) containing 0.1% 



gelatin (HBSS-gel). Total cell counts and cell viability were then done using a 

hemacytometer after cells were diluted 1:10 in Trypan blue (0.4 mg per ml stock 

solution; Gibco Laboratories, Grand Island, NY). Differential cell counts were done 

after staining with Wright-Giemsa to determine percent neutrophils (PMN) as well 

as total leukocyte differential counts from peripheral blood smears. 

Synergistic Hemolytic (SH) Assay 

Purified agar (BBL Microbiology Systems, Cockeysville, MD) (1.5%) was 

dissolved in phosphate-buffered saline solution (PBSS, 0.05M, pH 6.5). Fresh 

sheep erythrocytes (SRBC) (collected 1:1 in Alsever's solution) were washed twice 

in PBS and restored to their original volume. Molten agar was dispensed in 8.5 

ml amounts into 16 x 125 mm glass tubes and cooled to 56° C in a water bath. 

Supernatant fluids from cultures of Rhodococcus equi (referred to hereafter as 

equi factors) and washed SRBC were mixed 2:1 and 1.5 ml were added to each 

tube of agar (Prescott et al, 1982). The mixture was poured into radial 

immunodiffusion plates (45 x 95 mm) (Miles Scientific, Naperville, IL) and allowed 

to solidify. Wells (3.0 mm diameter) were cut using a standard cutter and 

template. PLD samples were added to wells (10 /xl/well) and plates were 

incubated with covers at 37° C for 18-20 h. PLD activity was recorded as the area 

of the zone of hemolysis in mm2. 



B-Hemolysis Inhibition (BHI) Assay 

Immunodiffusion plates containing agar and blood were prepared as 

described above, but BHIB was substituted for equi factors. Wells were loaded 

with PLD sample and allowed to diffuse for 18-20 h at 37° C. Plates were then 

covered with an even layer of supernatant fluid from a culture of S. aureus strain 

29213 (B-hemolysin producer) and incubated 2-3 h at 37° C. Plates were 

refrigerated for 3-18 hours and BHI activity determined by calculating the area of 

the zone of nonlysed red cells in mm2. 

Radioassay for PLD Activity 

This assay was used to determine specific enzymatic activity of PLD. This is 

achieved by measuring the release of 14C-choline from labeled sphingomyelin 

(Under and Bernheimer, 1978; Songer et al, 1990) (New England Nuclear, 

Wilmington, Del). PLD samples were diluted serially in assay buffer (0.1 M 

Tris/HCI, 10mM MgCI2, pH 9.0) and 10 /xl of each dilution were incubated for 30 

min at 37° C with 25 /xl of 14C-methyl choline substrate. The reaction was 

stopped with 15 fi\ of 0.1 N HCL, and choline was separated from sphingomyelin 

by extraction with chloroform-methanol (Blight and Dyer, 1959). The aqueous 

phase was extracted and added to 8 ml of aqueous counting scintillant 

(Amersham, Arlington Heights, III) in a scintillation vial. Radioactivity was then 

determined in a liquid scintillation counter. Enzyme activity was expressed in units 
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(one unit = amount of enzyme required to hydrolyze 1 nmole 14C-sphingomyelin 

in 30 min at 37° C). 

Heat Inactivation of PLD 

Various concentrations of crude PLD were incubated at 60° C or 100° 

C for 15, 45, or 60 min and loss of enzymatic activity was determined using SH, 

BHI, and sphingomyelin hydrolysis radioassay. 

Preparation of Crude Phospholipase D in Culture Supernatant Fluid 

Two one-liter flasks, each containing 500 ml of BHIB were inoculated 

with 10 ml of a 24 h BHIB culture of C. pseudotuberculosis 155 and incubated at 

37° C, with shaking (250 rpm) for 48 h. The culture was placed into 250 ml 

Sepcor polypropylene centrifuge bottles (Labcor Products Inc., Gaithersberg, MD) 

and centrifuged at 6800 x g for 40 min in a fixed angle rotor. Supernatant fluid 

was collected and filter-sterilized using a 0.22 jum filter (Millipore) and kept on ice. 

Culture filtrate was dialyzed against 18 I of HPLC-grade water in Spectra/por 

dialysis tubing of 6,000-8,000 MW cutoff (Spectrum Medical Industries, Inc., Los 

Angeles, CA) at 4° C for 24 h with 2 changes of water. The dialyzed material was 

placed in two-liter round bottom flasks (200 ml/flask) and lyophilized. Dried 

material was collected and stored in 50 ml conical tubes (Falcon) at 4° C. 

Purification of PLD 

Purification of culture filtrate was achieved by isoelectric focusing using 

the Rotofor preparative IEF cell (Bio-Rad Laboratories, Richmond, CA). Briefly, 



lyophilized culture filtrate from isolate 155 was collected as previously described 

and concentrated 5-fold in 1% ampholyte and 6M urea. Fifty ml were loaded into 

the apparatus and focused for 6 h at 319-695 v with a current range of 34-18 mA. 

Twenty fractions were collected and tested for pH and PLD activity using the 

synergistic hemolytic assay. The 4 fractions exhibiting the greatest activity were 

in the 8-11 pH range and were examined by electrophoresis in gels consisting of 

sodium dodecyl sulfate (SDS) (0.1%) and polyacrylamide (15%). Gels were run 

4-6 h, fixed in 50% ethanol and 5% glacial acetic acid, and silver stained with a 

Gelcode method (Pierce Chemical Co, Rockford, IL). Fractions exhibiting a major 

band at 31.7 kd, with minor bands at 26 kd, and 14 kd only, were pooled, 

dialyzed, lyophilized, and examined for enzymatic activity by the radioassay, and 

kept at 4° C. 

Titration of anti-C. pseudotuberculosis Antibodies 

Serum samples were obtained from a C. pseudotuberculosis-infected 

goat and from a rabbit immunized with formalin-killed C. pseudotuberculosis and 

aliquots were frozen at -20° C until use. The antibody titer of this serum was 

determined by use of a microtiter agglutination assay procedure. Two C. 

pseudotuberculosis isolates, 155 biovar equi and 3072B4 biovar ovis. were 

collected from overnight cultures in BHIB with 0.1% Tween 80 and washed twice 

in 0.01 M PBS, pH 7.2 after centrifugation at 6800 X g. The suspension was 

diluted in PBS to a density equivalent to tube number 4 in a McFarland 
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nephelometer. Two-fold dilutions of the test serum were made in wells of a 96-well 

microtitration plate (Falcon) using PBS as diluent and a volume of 0.1 ml/well. An 

equal volume of antigen was added to each well and, after mixing, plates were 

incubated for 2 h at 37° C and the presence of agglutination determined 

microscopically (100X), using an Olympus (Olympus Corporation, Lake Success, 

NY) model CK2 inverted microscope. 

Viability of PMN During External PLD Treatment by Trypan Blue Exclusion 

Viability of ovine neutrophils was determined over time with continuous 

external exposure to various concentrations of crude PLD. At various intervals 

over 24 h, cells were stained with trypan blue and counts were made to determine 

the percentage of cells which did not take up the stain (viable cells), since this dye 

can only enter dead cells. 

Normal concentrations of PLD produced by C. pseudotuberculosis in 

culture range from 300-700 U/ml. Thus, for all experiments in studies using crude 

PLD, the standard concentration, designated as 1X, was 700 U/ml. Crude PLD of 

known activity per unit weight was resuspended in HBSS-gel and pH and volume 

were adjusted to 7.2 and 2 ml, respectively. The solution was then filter sterilized 

using a 0.2 /ttm Acrodisc filter (Gelman Sciences, Ann Arbor, Ml). Heat inactivated 

PLD (100° C, 60 min) was used as a control. 

A suspension of PMN was adjusted to 2-3 X106 PMN/ml and 1.5 ml was 

mixed with an equal volume of either crude PLD, inactivated PLD, or HBSS only 



in 5 ml polystyrene culture tubes (Falcon). PLD concentrations used were 700 

U/ml (1X), 3500 U/ml (5X) and 7000 U/ml (10X). Tubes were placed on a Tek-Pro 

tube rocker (American Hospital Supply Corp, Miami, FL) at 18 cycles/min and 

incubated at 37° C. At 2,4,6,10, and 24 h, 0.2 ml were removed from each tube 

and placed with an equal volume of 0.4% trypan blue in 1.5 ml polypropylene 

microcentrifuge tubes. Tubes were vortexed gently and allowed to stand 5-15 min 

to allow optimal opportunity for dye penetration. Tubes were then vortexed again 

to resuspend cells and pipetted into a hemacytometer. A minimum of 100 cells 

were counted at 100X magnification from each tube with blue cells counted as 

non-viable. All treatments were run in triplicate. 

Studies Using Mineral Oil as a Vehicle for PLD Internalization 

This method utilized a mineral oil/PLD/HBSS-FCS emulsion as a PMN 

uptake vehicle to study lethal effects of PLD internalization. An oil emulsion was 

prepared by first adding 3 ml PLD in HBSS-FCS or HBSS only to 1.5 ml mineral 

oil in a sterile 10 ml beaker. This solution was then mixed rapidly for 30 sec at a 

speed setting of 35 on a Vertis homogenizer (Vertis Corp, Gardiner, NY). 

Emulsification was performed under aseptic conditions in a laminar flow hood. The 

emulsified solution settled below a layer of pink foam within a few minutes. The 

emulsion was drawn up through a 27 gauge needle into a sterile 3 ml syringe and 

then ejected back through the needle into the PMN suspension at equal volumes 

as described previously. The oil emulsion droplets had a diameter range of «1-20 
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/xm and when mixtures were examined at 200X magnification could be seen to be 

internalized by PMN within the first hour of incubation at 37° C. 

Scanning Electron Microscopy of PLD-Treated PMN and RBC 

PLD Treatment ~ Sterile cover slips were seeded with « 1 X 106 PMN 

suspended in HBSS in 6-well culture plates (Falcon) and incubated at 37° C for 

30 min to allow PMN to adhere. Sheep RBC were washed twice in PBS and 20 

n\ of undiluted cells were added to a well containing 1 ml of either PLD or media 

only. PMN wells were then washed twice with PBS to remove unattached cells. 

PMN were then overlaid with 1 ml of either PLD or media and all wells were 

incubated at 37° C for 1, 2, 3, and 4 h intervals. 

Fixation and Dehydration - Twenty /J of RBC were pipetted from the 

treatment well, placed on a 0.2 nm Nucleopore membrane filter (Gelman Sciences, 

Ann Arbor, Mich.), covered with another filter, and sealed between two plastic 

washers using a soldering iron. Cover slips or filter sandwiches were placed in 4% 

formaldehyde and 1% glutaraldehyde in 0.1 M phosphate buffer (4F1G) for 0.5-18 

h. Samples were then rinsed three times with 0.1 M phosphate buffer (pH 7.2) for 

3 min each and stained in osmium tetroxide (1.0% in 0.1 M phosphate buffer) for 

30 min, followed by rinsing with distilled water. Cover slips were kept separate by 

placing in folded Whatman #1 filter papers and stapling. Samples were 

dehydrated through a series of graded ethanol solutions of 30%, 50%, 70%, 95% 

and 100%, incubating for 5 min in each. 
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Critical Point Drying ~ Samples were placed in a Polaron pressure 

chamber (Watford, England) which was then filled 3/4 full with freon TF. The 

chamber was pressurized to 900 psi by flooding with liquid C02. After 5-10 min, 

the C02 was slowly vented. Flooding and venting was repeated 5 times to purge 

all ethanol. With chamber filled with C02, the heating unit was activated, raising 

the internal temperature from 12° C to 40° C, and concomitantly increasing the 

internal pressure to 1300 psi. Pressure was slowly released at a rate of 100 

psi/min. 

Mounting and Electroplating - Samples were mounted to the top flat 

face of round metal specimen mounting pegs using double sided tape. Graphite 

paint was used as a leader to connect the face of the specimen to the metal base 

of the mounting peg. Using a Hummer Sputter Coater gold electroplating 

apparatus (Technics Inc., Alexandria, VA) specimens were coated with Au-Pd to 

a thickness of approximately 15 nm at a deposition rate of 10 nm/min with a 

current of 10 mA. 

Scanning - Specimens were examined using a ISI (International 

Scientific Instruments) model DS 130 scanning electron microscope at a voltage 

of 20 KV. Cells were initially identified and photographed at 2480-3710 X 

magnification then carefully examined and photographed at 12800-13000 X 

magnification. At least 50 cells were examined randomly from each treatment 

group. 



TEM Analysis of Ovine Neutrophils 

Transmission electron microscopy (TEM) was used to evaluate the 

internal structure of PMN treated with crude or purified PLD and allowed to 

phagocytize bacteria. The primary concern was with the presence or absence of 

phagosome-lysosome fusion, lysosome degranulation, and changes in cytoplasm 

and plasma and nuclear membranes. PMN were isolated as previously described 

and 1 ml aliquots of the suspension in HBSS-gel (1-2 X 106 PMN/ml) were placed 

in 12 x 75 mm culture tubes (Falcon) with an equal volume of either PLD (70 U/ml) 

or HBSS-gel. Appropriate tubes were challenged with S. epidermidis (2.1 x 105 

cfu/ml), giving an infection ratio of 5.7 PMN per S. epidermidis. Tubes were 

incubated at 37° C on a tube rocker for 45, 90, or 135 min, after which PMN were 

pelleted by centrifugation (900 rpm, 5 min), the supernatant removed, and the 

PMN resuspended in glutaraldehyde (4% in Millonig's Buffer) for fixation (1 h at 4° 

C). Fixed cells were transferred from the culture tube to a microfuge tube and 

pelleted, followed by resuspending in 1 drop of 3% molten Bacto agar (cooled to 

56° C). Tubes were placed at 4° C for 5 min to allow the agar to solidify. Agar 

was removed with a spatula, cut into 4 blocks approximately 2 mm square, and 

placed in 20 ml glass screw capped vials. Blocks were washed 3 times with 

Millonig's buffer and cells were stained with 1% osmium (1% v/v in Millonig's 

buffer) for 1.5 h. After washing three times with distilled water, blocks were stored 

in Millonig's buffer overnight. 



Processing - Agar blocks were first dehydrated through a series of 

graded alcohols as follows: 35% ethyl alcohol for a few minutes, 70% EtOH for 15 

min, 95% EtOH for 30 min, and 2 incubations of 30 min each in absolute EtOH. 

Propylene oxide was added and specimens were incubated for 30 min, repeating 

this step once. Blocks were then covered with a 2:1 mixture of propylene 

oxide:epon araldite for 1 h. This mixture was replaced with one consisting of 1:2 

preparation propylene oxide:epon mixture for 1 additional hour. Finally, samples 

were covered with 100% epon-araldite (epoxy) (degassed for 2 hours, 27 psi after 

mixing in DMP) for a few hours or overnight, being sure to leave the vials 

uncapped. 

Embedding -- Prepared epon-araldite resin was removed from the 

freezer and allowed to thaw. One ml per sample was placed in a 250 ml plastic 

beaker and 1 drop of DMP per ml epon was added and vigorously mixed for 10-

15 min. The beaker was placed in a vacuum chamber for 1-2 h at 27 psi to degas 

epon. Agar blocks were removed from the epon vials after overnight storage and 

placed at the bottom of the cone of plastic embedding capsules (1 agar block per 

capsule). The capsule was filled with epon and then incubate at 80° C for 3 days 

to allow the resin to harden. Solid resin-containing agar blocks were then 

removed from the plastic housings. 

After trimming of the conical tip of the resin block to the location of the 

agar block with a razor blade, a trapezoid cutting face was formed. Using a 



microtome (LKB-Produkter AB, Bromma, Sweden) and freshly made glass knives, 

thick sections were cut from the block face, fixed to a glass slide, stained, and 

observed at 10X light magnification for the appearance of an appropriate number 

of cells. Thin sections were then cut and transferred to the shiny side of a 300 

mesh gold specimen grid. Drops of 5% saturated uranyl acetate were arranged 

on the surface of blocks of dental wax to accommodate the grids to be stained. 

Each grid was placed in a drop for 20 min, after which it was removed and placed 

in a drop of distilled water to stop the stain. Grids were rinsed exhaustively with 

distilled water, dried on filter paper, and transferred to a drop of lead citrate (0.1% 

w/v) for 10 min, rinsed, and dried. 

Electron Microscopy -- The grid was placed in a specimen holder, 

loaded into the specimen chamber, and the air evacuated from the chamber. The 

specimen chamber was lowered into the lens chamber, aligned with the electron 

beam, and the voltage brought up to 75 kv. Each specimen was scanned at a 

magnification of 3600X, and cells were closely examined and photographed at 

9000-12000X. 

Uptake of S. epidermidis by PLD-treated PMN 

The ability of ovine PMN treated with PLD to phagocytose bacteria was 

examined by challenging PMN with S. epidermidis in a culture tube assay. At 

given time periods after challenge, the PMN culture was washed, lysed, and serial 

dilutions were plated to determine the number of PMN-associated S. epidermidis. 
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Staphylococcus epidermidis was cultivated in 10 ml amounts of BHIB, 

incubated for 18 h at 37° C. Cells were harvested by centrifugation (7000 x g, 15 

min) and washed with PBS. This suspension was then serially diluted with PBS 

and plated on 5% bovine blood agar plates to determine the number of cfu/ml. 

One ml aliquots were placed in 2 ml polypropylene sterile low temperature freezer 

vials (VWR Scientific) and stored at -70° C until use. 

PMN separated from sheep peripheral blood as previously described 

were suspended in HBSS-gel at a concentration of 4.0 x 106 PMN/ml. Aliquots 

(0.5 ml) were placed in 12x75mm polystyrene culture tubes (Falcon) 

simultaneously with either 0.5 ml of PLD (70 U/ml) or HBSS-gel only. These tubes 

were then inoculated with S. epidermidis to yield a final ratio of one bacterial cfu 

per 3.5-4.5 PMN. Tubes were then placed on a tube rocker (18 cycles/min) and 

incubated at 37° C for either 1 or 2 h. After the desired incubation time, PMN 

were washed 4 times with PBS to remove extracellular bacteria. The final pellet of 

PMN was resuspended in sterile distilled water and the tubes placed on ice, 

causing the PMN to swell without complete lysis. Lysis was completed by 

sonication (10 sec pulse at low power) of the cells, on ice. Serial dilutions of the 

lysate were prepared and organisms enumerated by plating on 5% bovine blood 

agar. 
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Uptake of C. pseudotuberculosis by PLD-Treated PMN, Determined by IFAT 

The indirect fluorescent antibody test (IFAT) was used to identify the 

location of C. pseudotuberculosis after incubation with monolayers of PMN on 

cover slips. After methanol fixation, antibodies crossing the PMN membrane bind 

to intracellular C. pseudotuberculosis, while in glutaraldehyde-fixed cells, only 

organisms outside the cells are labeled. 

After isolation from peripheral sheep blood, PMN were resuspended in 

HBSS-gel and seeded onto sterile cover slips in 6 well culture plates (5.0-10.0 X 

105 PMN/cover slip) and plates were incubated at 37° C for 45 min to allow PMN 

to adhere. Cover slips were then washed to remove non-adherent cells and 

media. C. pseudotuberculosis was opsonized with fresh normal sheep serum at 

37° C for 25-35 min, and then washed with PBS and kept on ice until use. The 

inoculum was warmed to 37° C and diluted in HBSS-gel to 2.0-4.0 x 106 cfu/ml. 

PMN monolayers were then challenged with C. pseudotuberculosis (0.25-0.4 ml) 

to achieve a ratio of « 4 C. pseudotuberculosis per PMN. Plates were then 

incubated at 37° C for 1 h. Cover slips were washed 3 times with PBS to remove 

extracellular C. pseudotuberculosis and media. Monolayers were then fixed with 

100% methanol or 1% glutaraldehyde and washed with PBS. Cover slips were 

covered with 0.4 ml of primary antibody (rabbit anti-C. pseudotuberculosis) diluted 

1:50 in PBS. Cover slips were incubated at 37° C for 20 min and washed 3 times 

with PBS to remove excess primary antibody. FITC-labeled goat anti-rabbit 



immunoglobulin (Sigma) was then applied at a dilution of 1:80. After incubation 

at 37° C for 20 min, cover slips were washed 3 times with PBS to remove 

unbound antibody. Monolayers were stained with methylene blue, cover slips 

were mounted using 40% glycerol, and cells were examined at 1000X via epi-

fluorescence microscopy. 

PMN monolayers were subjected to various treatments prior to and 

during challenge by C. pseudotuberculosis. For PLD pre-treated groups, PLD was 

reconstituted in HBSS-gel and applied to the cover slip simultaneously with the 

PMN suspension. This treatment had no obvious effect on the ability of the PMN 

to adhere to the cover slip and was pipetted off prior C. pseudotuberculosis 

challenge. For continuously treated groups, PLD was applied to monolayers 

coincidentally with C. pseudotuberculosis and remained until washed off with 

bacteria after 1 h. Controls for this experiment included heat-inactivated PLD 

(100° C, 60 min), cytochalasin-B (Sigma) treated monolayers (7.6 /xg/ml, applied 

with C. pseudotuberculosis). and incubation at 0-4° C. Data were gathered by 

counting at least 100 PMN per cover slip in randomly aligned 1000X fields and 

were recorded as percent PMN containing C. pseudotuberculosis and mean 

number of bacteria per PMN. 

PMN Chemotaxis and Activation of Serum Complement by PLD 

The ability of purified PLD to act as a chemotaxin or a chemotaxigen 

was evaluated using a neutrophil migration under agarose technique (Glasser, 



1979). On the day of the experiment, peripheral sheep blood was collected in 

both a 60cc syringe for PMN separation (as previously described), and in a 20cc 

syringe without anticoagulant for serum collection and placed on ice. After 

removal of the clot, serum was centrifuged at 2000 rpm (700 x g) for 30 min at 4° 

C and serum was pipetted off and placed at 4° C until use. 

Aliquots of serum (0.5 ml) were placed in microcentrifuge tubes and 

incubated at 37° C for 30 min with either 20 (JL\ of washed C. pseudotuberculosis 

(Feeby isolate, 3.4 x 106 cfu/0.5 ml serum), or 20 n\ of purified PLD in PBS (2.8 U 

activity/ml serum). Bacteria were then removed from the serum by centrifugation 

(«12,000 x g). One tube of serum only and one tube of C. pseudotuberculosis 

activated serum were heat-inactivated for 30 min at 56° C. Two concentrations of 

crude PLD (70 U/ml and 14000 U/ml), purified PLD (70 U/ml), and heat- inactivated 

purified PLD (100° C, 60 min), all in HBSS-gel, were used as possible 

chemoattractants. All potential chemotactic agents were kept on ice until use. 

In a separate experiment, PMN were treated with purified or crude 

PLD and tested for the ability to migrate toward activated normal sheep serum. 

Purified and crude PLD were resuspended in a HBSS-gel solution, filter sterilized, 

and adjusted to pH 7.2. Separated PMN were washed with PBS and resuspended 

in 3.3 ml HBSS-gel. One ml of the PMN suspension was placed in a 5 ml 

polystyrene culture tube (Falcon) with an equal volume of purified or crude PLD, 

or HBSS-gel only, giving a final PLD concentration of 70 U/ml purified and 700 



U/ml crude. These tubes were incubated at 37° C for 30 min and then washed 

with HBSS-gel to remove treatment. In these experiments, fresh normal sheep 

serum was activated by either 6.8 X 105 cfu S. epidermidis/ ml serum or purified 

PLD in sterile distilled water (2.8 U activity/ml serum). 

Tissue culture plates (35 x 10 mm, Falcon) were prepared by mixing 

7.5 ml of warmed minimum essential medium (MEM) (Eagle, with Earle's salts, with 

glutamine, without NaHCOg)(Flow Laboratories, McLean, Virginia) with 1.5 ml of 

5.0% liquified agarose, placing 2 ml of this mixture into each culture plate and 

allowing the mixture to solidify at 4° C for 15 min. Using a 2.5 mm diameter 

punch, one well was cut in the center of the plate and 4 additional wells were cut 

2.5 mm from the center well at an equal distance from each other. 

Cell counts were determined using a Coulter counter and the 

neutrophil suspension was concentrated to 2.0 x 104 PMN/^I; 5 jul were placed in 

each of the outside wells, using a Hamilton syringe. The center well was filled with 

10 n\ of a potential chemotactic agent. Plates were then incubated at 37° C in an 

atmosphere supplemented with 5% C02 and humidity for 4-5 h. Plates were then 

fixed with absolute methanol for 30 min and then with 10% buffered formalin for 

an additional 30 min. Agar was removed with forceps and the cells were stained 

with 2 ml of working Giemsa for 1 h, rinsed with distilled water and allowed to dry. 

PMN were counted at 400X magnification in consecutive contiguous 10 mm square 

fields between PMN well toward the chemotactic agent well. The sum of the 
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number of cells within the area of the grids of each field was the total score. 

Fields were then scored in the direction opposite of the chemotactic agent well 

and this score was subtracted from the total score to give a final net migration 

score. 

Statistical Analysis 

All data from these studies were subjected to standard statistical 

analysis using the SAS/STAT statistical software system (SAS Institute Inc., Cary, 

NC). Groups of data were analyzed by student's t-test and analysis of variance. 

Probabilities less then 0.05 were considered significant. 
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Chapter 3 

RESULTS 

Separation of Peripheral Blood Leukocytes 

Differential leukocyte counts made on several occasions from 

peripheral blood of the same healthy adult male sheep revealed the following 

mean percent cell counts (mean and standard error of 4 determinations, counting 

at least 300 cells per sample): lymphocytes 56.3% ± 1.3%, PMN 34.4% ± 1.2%, 

eosinophils 4.5% ± 0.5%, and monocytes 5.1% ± 0.7% (Table 1). 

After separating leukocytes using the centrifugation and ammonium 

chloride buffer lysing method, differential cell counts were done on at least 300 

cells per sample from 3 separate bleeds. PMN were concentrated 2.4 times as 

compared to the whole blood differential mean, to 83.7% ± 0.8%. The mean 

lymphocyte and monocyte counts decreased to 6.0% ± 0.9% and 0.8% ± 0.4%, 

respectively. Because granulocytes have similar densities and therefore tend to 

sediment together upon centrifugation, the mean percent eosinophils increased to 

9.5% ± 1.6% (Table 1). 

PLD Purification by Isoelectric Focusing 

A lyophilized crude PLD preparation was concentrated 5X and 

fractionated in a Rotofor isoelectric focusing cell for 6 h with a starting current of 

34 mA (319v) and a final current of 18 mA (695v). Twenty fractions were collected 
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and analyzed for pH and synergistic hemolytic (PLD) activity (Fig 1). When the 4 

most active fractions were examined by SDS-PAGE and silver staining, a major 

band of 31 kd (PLD) and minor bands of 26 kd and 14 kd were seen (Fig 2), 

indicating purification to near-homogeneity. These fractions were then pooled, 

dialyzed, lyophilized, and subjected to radioassay for sphingomyelinase activity, 

which was determined to be 18.5 U/mg. This preparation was used for all 

subsequent experiments requiring purified PLD. 

Heat Inactivation of Crude PLD Activity 

Crude preparations of PLD were subjected to various heat treatments 

and tested for enzymatic activity in order to establish a heat-inactivated control. 

Activities were determined from 2 concentrations of PLD (3500 U/ml and 700 U/ml) 

and measured by the synergistic hemolysis assay (SH), B-hemolysin inhibition 

assay (BHI), and sphingomyelin hydrolysis radioassay (Table 2). 

Complete inactivation of PLD activity was only achieved after 

subjecting of PLD to 100°C for 60 min, as shown by all assays. The initial heat 

treatment of 60° C, 15 min only partially inactivated both concentrations of PLD as 

shown by all assays (Table 2). Even after increasing to 100° C, 15 min, SH 

activity remained in the 3500 U/ml solution and the 700 U/ml solution (31.4 mm2 

and 21.1 mm2 zones of hemolysis, respectively). After increasing the treatment 

time to 60 min at 100° C, full inactivation was achieved. The 1.0 U/ml recorded by 
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the radioassay is negligible. Thus, treatment of PLD at 100° C for 60 min was 

used to prepare appropriate controls for use in these studies. 

Viability of PMN After External or Internal PLD Treatment 

Ovine PMN treated externally (PLD in media) or internally (PLD-oil 

emulsion) with various concentrations of PLD suffered no significant loss of viability 

(> 90%) over the first 6 h of treatment (Tables 3 and 4). After 10 h, small 

decreases in viability were seen in some of the treatment groups (still > 86% 

viable). After 24 h, however, all PLD treatment groups showed significant 

decreases in viability, especially those cells treated with the PLD-oil emulsion 

(Table 3). 

The viability of PMN treated with a 700 U/ml and 3500 U/ml PLD-oil 

emulsion was reduced to 11.3% and 8.7% respectively after 24 h. This lethal effect 

was significantly reduced (p<0.05) for cells treated with heat inactivated PLD, 

although viability decreases were still detected. Control PMN treated with HBSS-oil 

emulsion only remained viable throughout the 24 h study. 

PMN treated externally did not succumb as dramatically, but their 

reduction in viability after 24 h was apparently PLD-dose dependent, as PMN 

viability decreased with increasing PLD concentration (Table 4). More PMN treated 

with 700 U/ml PLD (74.0% viable) remained viable than cells treated with 3500 U/ml 

PLD (58.7% viable), and viability was reduced even more in populations of cells 

treated with 7000 U/ml PLD (38.0% viable). Again, the lethal effect was significantly 
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reduced in the group treated with heat-inactivated PLD (84.7% viable), which was 

almost identical to the 24 h viability of the untreated control PMN (83.9% viable). 

SEM Examination of Crude PLD-Treated Ovine PMN and RBC 

Scanning electron microscopy was performed on PMN and RBC after 

treatment with crude PLD (70 U/ml) for up to 4 h. After 1 h, PLD-treated RBC 

exhibited altered outer membranes, with invagination or pitting possibly caused by 

the hydrolysis of membrane phospholipids by PLD (Fig 4). Membrane changes 

in RBC increased with time. In contrast, PMN treated with PLD in parallel with RBC 

controls showed no apparent outer membrane damage through the 4 h duration 

of PLD exposure (Fig 5). 

S. epidermidis Associated with PLD-Treated PMN 

Ovine PMN treated with 70 U/ml crude or purified PLD coincident with 

bacterial challenge had a significantly reduced number of associated S. 

epidermidis when compared to untreated control PMN (p < 0.05) (Table 5). When 

2.0 X 106 PLD-treated PMN were challenged with 4.5 X 105 cfu of S. epidermidis 

for 1 h (infection ratio 4.5:1), a mean plate count of 4.3 X 103 cfu/ml ± 422 (mean, 

standard error, n=10) were recovered. These figures were significantly less than 

the 2.4 X 104 cfu/ml ± 599 recovered from untreated PMN (p<0.05). 

Similar results were obtained when the challenge time was increased 

to 2 h, again treating with crude PLD. In this experiment, the same number of 



PMN (2.0 X 106) were incubated with 5.8 X 105 cfu of S. epidermidis. giving an 

infection ration of 3.5:1. Plate counts again showed significantly fewer cfu/ml (1.59 

X 104, ±1787, n=10) from the crude PLD-treated PMN (70 U/ml), as compared to 

6.37 X 104 (±8195, n=10) cfu/ml from the untreated group (p<0.05) (Table 5). 

This effect was found to be repeatable using purified PLD. An 

infection ratio of 4:1 (PMN:bacteria) was made by challenging 1.0 X 106 PMN with 

2.5 X 105 cfu S. epidermidis for 1 h in culture tubes as before. Again, significantly 

fewer (p<0.05) cfu/ml were associated with treated PMN (5.6 X 103 ± 311, n=7), 

when compared to untreated controls (8.7 X 103 ± 319, n=7) (Table 5). 

Because the PMN suspensions were thoroughly washed to remove 

extracellular bacteria, those organisms recovered were primarily those which were 

either attached to or internalized by the PMN. This hypothesis was supported by 

data obtained in studies in which incubations were performed at 0-4° C to 

discourage attachment. The mean number of cfu associated with these PMN was 

reduced to 534 (± 41, n=5). Also, samples taken from final washes were usually 

less than 1 X 103 cfu/ml. 

Uptake of C. pseudotuberculosis by PLD-Treated PMN 

PMN monolayers treated with 700 U/ml crude PLD either coincident 

with or prior to challenge showed a significant decrease (p<0.05) in their ability to 

ingest C. pseudotuberculosis during a 1 h incubation. Only 19.1% ± 5.3% of PMN 

treated continuously and 24.7% ± 1.9% of PMN pretreated with PLD were shown 



to ingest C. pseudotuberculosis. By comparison, 57.0% ± 2.4% of untreated PMN 

were involved in bacterial uptake (Table 6)(Fig 6). This effect on uptake was 

abrogated by heat-inactivation of PLD. PMN treated with heat-inactivated PLD 

coincident with challenge phagocytosed C. pseudotuberculosis at a rate of 53.2% 

± 7.8% and PMN pre-treated with heat-inactivated PLD phagocytosed at a rate 

of 49.7% ± 6.0%. PMN treated with cytochalasin-B coincident with challenge 

showed little uptake activity (8.7% ± 1.6%). This was especially true for PMN 

challenged at 0-4° C (4.2% ± 1.3%) (Table 6). 

The mean number of C. pseudotuberculosis ingested by each PMN 

was not significantly different between untreated cells (4.2 ± 0.7) and treatment 

groups with the exception of the cytochalasin-B treated cells (1.8 ± 0.3) and cells 

incubated at 0-4 °C (1.4 ± 0.3). 

These experiments were repeated using purified PLD for treatment 

and similar results were achieved. PMN monolayers treated with pure PLD 

coincident with or prior to C. pseudotuberculosis challenge had a significantly 

reduced percent PMN involved in uptake (32.4% ± 2.7% and 27.0% ± 2.5% 

respectively) compared to untreated PMN (50.8% ± 4.6%) (p<0.05)(Table 7). 

The mean number of bacteria per PMN was significantly less in 

continuously treated PMN (4.0 ± 0.2), heat-inactivated PLD-treated PMN (3.5 ± 

0.1), and cytochalasin B-treated PMN (1.0 ± 0.6), when compared to untreated 

PMN (5.0 ± 0.4) (Table 7). 
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Cover slips carrying cells fixed with glutaraldehyde showed only 

occasional C. pseudotuberculosis between and attached to the sides of the PMN. 

These were considered too infrequent to influence total cell counts and were thus 

not enumerated (Fig 7). Because glutaraldehyde cross-links the PMN cell 

membrane, it becomes antibody-impermeable and only external C. 

pseudotuberculosis would have an opportunity to fluoresce using this procedure. 

These results suggest that after a 1 h challenge, nearly all C. pseudotuberculosis 

were either internalized or removed through vigorous washing, and experiments 

were scored as such. 

TEM Examination of Phagocytosis of S. epidermidis by PLD-Treated PMN 

PMN were easily distinguished from other cells, based on their classic 

morphological characteristics, including finely granular, multilobed nuclei, large 

abundant electron dense granules, convoluted cell membrane, and vacuoles which 

were small and rarely seen. Golgi, mitochondria and endoplasmic reticulum were 

poorly developed or small, if seen at all. This was by far the predominating cell 

type in all thin section preparations. Eosinophils were seen on occasion and 

lymphocytes were very rarely observed. 

S. epidermidis was observed within phagosomes of both crude PLD-

treated (70 U/ml) (Fig 8) and untreated PMN (Fig 10) as early as 45 min after 

bacterial challenge. Evidence of phagosome-lysosomal granule fusion was shown 

in both treated (Fig 9) and normal PMN (Fig 10). The appearance of more 



electron dense material at the periphery of the phagosome and around bacteria 

usually indicates previous lysosomal degranulation. PMN with internalized bacteria 

usually contained fewer cytoplasmic granules and these granules tended to 

aggregate near phagosomes, but were also seen in other parts of the cell. In all 

treatment groups, most PMN involved in phagocytosis contained 1 -2 phagosomes, 

each of which contained 1-3 bacteria. There was no gross evidence of membrane 

damage in the PLD treatment groups at either the outer, the phagosomal, or the 

nuclear membrane. Some PLD-treated cells did appear to have reduced numbers 

of microvilli when compared to untreated cells. Also, PMN treated with PLD 

appeared to contain fewer granules and this observation was investigated further. 

Degranulation of PLD-Treated PMN using TEM 

PMN granules were quantified by counting directly from transmission 

electron microscopic projections. Granules were enumerated from each of 40 

neutrophils («10 PMN each from 4 thin sections) from untreated controls and 

groups treated with PLD only. All PMN groups treated externally with crude PLD 

only (70 U/ml), contained significantly fewer total granules when compared to 

untreated PMN (p<0.05) (Table 8). The degree of granule depletion was not 

dependent on the length of PLD exposure. The mean number of granules per 

PMN treated 45 min was 34.7 ± 2.0, and there were 34.7 ± 1.6 granules per cell 

in the group treated for 90 min. PMN treated for 135 min contained a few more 



granules (39.9 ± 1.7). The mean granule count found in untreated cells was 62.2 

± 1.9. 

PMN treated with purified PLD (70 U/ml) also were shown to have 

significantly reduced granule counts when compared to untreated cells (Table 6), 

although this effect was not as great as that seen with crude treatment. Again, 

duration of treatment made little difference on the number of granules observed. 

The cells treated for 15 min had a mean count of 44.4 ± 1.0, n=40, and those 

treated for 45 min had a score of 45.8 ± 1.0. These figures were compared to the 

values obtained in the untreated group (62.9 ± 1.1), which were almost identical 

to those counts obtained from the untreated PMN group in the crude PLD 

treatment experiment. No other apparent morphological or degenerative changes 

were connected with the decrease in granules. 

PMN Chemotaxis and Ovine Serum Activation by Purified PLD 

The ability of PLD to act as a chemotaxin or a chemotaxigen was 

determined using normal PMN (Table 9). Neither purified nor crude PLD alone 

was chemotactic for ovine PMN; however, purified PLD (2.8 U/ml serum) activated 

chemotactic factors in normal sheep serum (NSS), as demonstrated by the strong 

migratory response by PMN toward this well (Fig 11), producing a net migration 

score of 377.0 ± 33.0 (Table 9). NSS activated by washed C. pseudotuberculosis 

also produced a strong chemotactic response (387.8 ± 50.5), and this effect was 

abrogated by heating the activated serum (56°C, 30 min) (18.5 ± 8.5). NSS alone 
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was not activated by agarose (41.3 ± 26.5) while such activation did occur with 

normal human serum causing chemotaxis of human PMN (935.8 ± 50.9). 

Inhibition of Chemotaxis in PLD-Treated PMN 

PMN pre-treated 30 min with purified or crude PLD were shown to 

be significantly impaired in their ability to migrate toward activated ovine serum 

when compared to untreated PMN migration scores (Table 10). Untreated PMN 

migrated strongly toward the activated serum well (Fig 12) with a net migration 

score of 319.5 ± 49.3, while PMN treated with purified PLD (70 U/ml) had a score 

of only 38.5 ± 4.8 (Fig 13). Those cells treated with a higher concentration of 

crude PLD (700 U/ml) showed almost no migration with a score of 0.8 ± 0.6 (Fig 

14). Also, purified PLD-treated PMN were significantly impaired in their random 

migration activity (0.5 ± 1.5, Fig 15) when compared to untreated PMN (13.5 ± 

6.3, Fig 16). All data were taken from plates in which the chemoattractant well 

contained either normal serum activated by S. epidermidis or HBSS only. 

In this second migration experiment we were also able to confirm the 

chemotaxis of untreated PMN toward normal sheep serum activated by exposure 

to purified PLD (2.8 U/ml), yielding a migration score of 334 ± 1.5. 

Migration of PMN in plates containing only HBSS as the chemotactic 

agent was called random migration. The distinction between active migration 

toward a chemotactic gradient and simple random migration out of the well was 

clear. Cells which migrated randomly moved out of the well at approximately the 
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same distance in every direction. Theoretically, these cells should have a net 

migration score of zero but, actual scores ranged from 3.0 ± 5.1-8.4 to 41.3 ± 

26.5. 



Table 1: Ovine Leukocyte Differential Cell Counts 

Cell Type % Normal % After Separation 

Lymphocytes 56.3 ± 1.3 6.0 ± 0.9 

PMN 34.4 ± 1.2 83.7 ± 0.8 

Eosinophils 4.5 ± 0.5 9.5 ± 1.6 

Monocytes 5.1 ± 0.7 0.8 ± 0.4 



Table 2: Heat Inactivation of PLD Enzymatic Activity 

Treatment Initial [PLD] 
(U/ml) 

Synergistic 
Hemolysis3 

6-hemolysis 
Inhibition13 

Radio-
assay0 

(U/ml) 

No Heat 3500 63.8 37.1 3500 

No Heat 700 37.1 24.1 700 

60° C 15 m 3500 26.1 12.5 NDd 

60° C 15 m 700 16.7 2.5 46 

100°C15 m 3500 31.4 ND ND 

100-C15 m 700 21.1 ND ND 

100°C 60 m 3500 0.0 0.0 ND 

100°C 60 m 700 0.0 0.0 1 

100°C 60 m BHIB only 0.0 0.0 0 

a Area of zone of hemolysis in mm2 

b Area of zone of hemolysis inhibition in mm2 

c U = Amount of enzyme required to hydrolyze 1 nmole 
14C-sphingomyelin in 30 min at 37° C 

d Not determined 



Table 3: PMN Viability After Uptake of PLD-Oil Emulsion 
Time (h) 

Treatment 2 4 6 10 24 

No PLDa 97.3b± 1.3° 97.7 ± 0.7 97.3 ± 0.7 96.3 ± 0.3 94.0 ± 1.2 
700 U/ml 96.0 ± 1.5 95.3 ± 0.9 95.7 ± 0.9 87.7 ± 2.4 11.3 ± 1.5 
3500 U/ml 93.3 ± 0.3 94.3 ± 0.3 94.3 ± 0.7 86.3 ± 1.2 8.7 ± 1.8 
700 U AHd 96.3 ± 0.3 94.3 ± 0.3 93.7 ± 0.3 91.0 ± 1.5 82.0 ± 1.5 
3500 U AH 95.3 ± 0.3 93.3 ± 2.3 92.7 ± 0.7 88.7 ± 0.3 75.0 ± 3.2 

a Oil emulsion only 
b Percentage PMN viable 
c Standard error 
d Heat inactivated PLD 



Table 4: PMN Viability After External Treatment with PLD 
Time (h) 

Treatment 2 4 6 10 24 

No PLD 99.3a± 0.3b 99.3 + 0.7 96.3 1.2 95.3 ± 1.2 83.9 0.6 
700 U/ml 97.7 ± 0.3 96.7 0.3 95.0 + 1.2 91.3 ± 1.2 74.0 ± 2.6 
3500 U/ml 97.7 ± 0.3 93.7 0.7 91.7 ± 1.2 86.3 ± 1.8 58.7 ± 3.4 
7000 U/ml 93.7 ± 0.9 93.7 0.3 90.7 0.9 88.7 ± 1.2 38.0 1.5 
3500 U+Hc 96.3 ± 0.9 95.6 1.5 95.7 1.3 94.7 ± 0.9 84.7 -h 1.5 

a Percentage of PMN viable 
b Standard error 
c Heat-inactivated PLD 



Table 5: Numbers of S. epidermidis Associated with PLD-
Treated PMN 

PLD Treatment3 

Crude 70U/ml 60 
min 

Crude 70U/ml 120 
min 

Pure 70U/ml 
60 min 

Untreated PMN 
cfu/ml 

24144 ± 599 

63700 ± 8194 

8700 ±319 

PLD Treated PMN 
cfu/ml 

4260 ± 422* 

15930 ± 1787* 

5571 ± 312* 

a PLD treatment coincident with bacterial challenge 
* = Significantly different from control (p<0.05) 



Table 6: Uptake of C. pseudotuberculosis by Crude PLD Treated PMN 

Treatment3 % PMN with CD Mean CD/PMN 

No PLD 57.0 ± 2.4 4.0 ± 0.3 

PLDb + Heatc 51.8 ± 7.8 4.9 ± 0.3 

Pre-PLDd + Heat 52.5 ± 6.0 6.6 ± 0.8* 

PLD 19.1 ± 5.3* 4.2 ± 0.7 

Pre-PLD 24.7 ± 2.0* 5.0 ± 5.3 

Cytochalasin-Be 8.9 ± 1.6* 1.8 ± 0.3* 

o
 

0 o
 

4.2 ± 1.3* 1.4 ± 0.3* 

a = PLD concentration, 700 U/ml 
b = PMN treated coincident with 60 min bacterial challenge 
c = Heat inactivation (100°, 60 min) 
d = PMN pre-treated 45 min, prior to bacterial challenge 
® = PMN treated coincident with bacterial challenge (7.6/ig/ml) 
* = Significantly different from untreated group (p<0.05) 



Table 7: Uptake of C. pseudotuberculosis by Purified PLD-Treated PMN 

Treatment3 % PMN with Co Mean CD/PMN 

No PLD 50.8 ± 4.6 5.0 ± 0.4 

PLDb 32.4 ± 2.7* 4.0 ± 0.2* 

Pre-PLDC 27.0 ± 2.5* 4.0 ± 0.2 

PLD + Heatd 38.2 ± 3.5 3.5 ± 0.1* 

0
 

1 0 O
 

10.7 ± 2.0* 4.7 ± 0.6 

Cytochalasin-Be 1.9 ± 1.2* 1.0 ± 0.6* 

a = PLD concentration, 70 U/ml 
b = PMN treated coincident with 60 min bacterial challenge 
c = PMN pre-treated 45 min, prior to bacterial challenge 
d = Heat inactivated (100°C,60 min); small activity detected 
® = PMN treated coincident with bacterial challenge (7.6/ig/ml) 

= Significantly different from untreated group (p<0.05) 



Table 8: Number of Granules in PLD-Treated PMN 

PLD Treatment Time (min} No. Granules 

No PLD 135 62.2 ± 1.9 

Crude (70 U/ml) 135 39.9 ± 1.7* 

Crude (70 U/ml) 90 34.7 ± 1.6* 

Crude (70 U/ml) 45 34.7 ± 2.0* 

Pure (70 U/ml) 45 45.8 ± 1.0* 

Pure (70 U/ml) 15 44.4 ± 0.9* 

* = Significantly different from untreated control (p<0.05) 



Table 9: Migration of PMN to Various Potential Chemoattractants 

PMN Oriain Chemoattractant Miaration Score 

Sheep NSSa + Pure PLD 377.0 ± 33.0 

Sheep NSS + Cpb 387.8 ± 50.5 

Sheep NSS + Cp + Hc 18.5 ± 8.5 

Sheep HBSS only 3.0 ± 8.4 

Human NHSd only 935.8 ± 50.9 

Sheep NHS only 41.3 ± 26.5 

Sheep NSS only 3.0 ± 5.1 

Sheep NSS + H 3.0 ± 6.9 

Sheep Pure PLD only 15.8 ± 8.6 

Sheep Pure PLD + H only 11.0 ± 13.1 

Sheep Crude PLD (70 U/ml) only 19.3 ± 3.2 

Sheep Crude PLD (14000 U/ml) 
only 

15.3 ± 9.5 

a = Normal sheep serum 
b = C. pseudotuberculosis 
c = Heat inactivation (56°C,30 min) of activated serum 
d = Normal human serum 



Table 10: Chemotaxis by PLD Treated PMN 

PLD Treatment Chemoattractant Net Miaration 

Untreated PMN NSSa+ Seb 319.5 ± 49.3 

Untreated PMN NSS + Pure PLD 334.5 ± 1.5 

Untreated PMN HBSS only 13.5 ± 6.3 

Pure PLD (70U/ml) NSS + Se 38.5 ± 4.8 

Pure PLD (70U/ml) HBSS only 0.5 ± 1.5 

Crude PLD 
(700 U/ml) 

NSS + Se 0.8 ± 0.6 

a = Normal sheep serum 
b = S. epidermidis 
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PLD Activity and pH of Fractions 
from Isoelectric Focusing of Crude PLD 

Area of Hemolysis 
200 14 

150 10 

100 

50 

20 6 10 15 1 
Fractions 

—— PLD Activity pH of Fractions 

1. pH of and PLD activity in 20 fractions collected from Rotofor isoelectric 
focusing of concentrated culture supernatant of C. pseudotuberculosis. PLD 
activity was derived from synergistic hemolysis assay expressing activity as 
area of zone of hemolysis in mm square. Note the pH range of the most 
active fractions, correlating to the isoelectric pH of PLD which is 9.8. 
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15 16 17 18 

Fig. 2. At right, synergistic hemolysis assay was used to detect PLD activity from 
20 fractions (wells 1-20, pH range 3-13) collected from isoelectric focusing 
of concentrated C. pseudotuberculosis culture supernatant (c, pre-focusing 
controls). The 4 most active fractions (wells 15-18, pH 8.9-11.1) were run on 
SDS-PAGE and silver stained (left). PLD is known to be the 31 kd band, 
with associated minor bands at 26 kd and 14 kd (not visible), indicative of 
purification to near homogeneity. 
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Fig. 3. Plate A. Heat inactivation of PLD as demonstrated by synergistic hemolysis 
assay. Wells A,B = no heat; C,D = 60°C, 15 min; E,F = 100°C, 45 min; and 
GtH = 100°C, 60 min. Paired wells contained 700 U/ml and 3500 U/ml PLD, 
left to right. Plate B. Heat inactivation of PLD as determined by Beta-
hemolysin inhibition. Wells A,B = no heat; C,D = 60°C, 15 min; E,F = 
100°C, 45 min; G,H = 100°C, 60 min; I = media only control. Paired wells 
contain same PLD concentration as Plate A. Hemolysin inhibition is only 
seen in wells A-D. 



Fig. 4. Scanning electron micrograph of ovine erythrocytes treated 1 h with 70 
U/ml crude PLD and exhibiting invaginations due to membrane alteration. 
Mag., 17.300X; bar, 1.0 ^m. 
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Fig. 5. Scanning electron micrograph of ovine neutrophil treated 4 h with 70 U/ml 
crude PLD. No apparent gross outer membrane damage is detectable. 
Mag., 16.700X; bar, 1.0 pm. 



72 

Fig. 6. Epifluorescence microscopy of normal methanol-fixed PMN population 
under oil emersion using IFAT for detection of intracellular C. 
pseudotuberculosis 60 min after challenge. Incident light used for 
identification of PMN morphology. Mag., 3700X. 
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Fig. 7. Epifluorescence microscopy of normal PMN population under oil emersion 
using IFAT and glutaraldehyde fixation for detection of extracellular C. 
pseudotuberculosis 60 min after challenge. The rarity of bacteria in these 
fields indicates that fluorescing bacteria associated with methanol-fixed PMN 
are almost exclusively intracellular. Mag., 3700X. 



Fig. 8. Transmission electron micrograph of PMN with multilobed nuclei (N) and 
abundant granules (G) 90 min after PLD treatment coincident with S. 
epidermidis challenge. S. epidermidis (S) shown within phagosome while 
PMN prepares to engulf another (S). Electron dense material at internal 
periphery of phagosome may indicate release of lysosomal contents. 
Nuclei, cytoplasm and membranes show no sign of degenerative change. 
Uranyl acetate, lead citrate stain. Mag., 23,470; bar, 1 iim. 
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Fig. 9. Transmission electron micrograph of PMN section 45 min after PLD 
treatment coincident with bacterial challenge. S. epidermidis (S) within 
phagosome with evidence for lysosomal granule (g) fusing and entering of 
phagosome. Bacterium appears to have undergone some degree of 
degradation and electron transparent spots within are artifact. Electron 
dense material within phagosome may indicate previous lysosome 
degranulation. Cytoplasm, multilobed nuclei (N) and membranes show no 
signs of degenerative change. Uranyl acetate, lead citrate stain. Mag., 
29,100; bar, 0.5 Mm. 
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Fig. 10. Transmission electron micrograph of untreated PMN section with 
multilobed nuclei (N), 90 min after bacterial challenge. Two S. eoidermidis 
(S) within phagosome with evidence for lysosomal granule (g) beginning 
fusion with phagosome. Other granules lining periphery of phagosome and 
lack of electron dense material within phagosome may indicate a recent 
phagocytic event. Uranyl acetate, lead citrate stain. Mag., 24,700; bar, 1 
jum. 
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Fig. 11. Chemotaxis of untreated PMN migrating out of well (top) toward purified 

PLD-activated normal sheep serum (bottom). Net migration score, 334.5. 
Mag., 137X. 
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Fig. 12. Chemotaxis of untreated PMN migrating out of well (top) toward S. 
epidermidis-activated normal sheep serum (bottom). Net migration score, 
334.5. Mag., 137X. 
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Fig. 13. Chemotaxis of PMN treated 30 min with purified PLD (70 U/ml), migrating 
out of well (top) toward S. epidermidis activated normal sheep serum 
(bottom). Net migration score, 38.5. Mag., 137X. 



Fig. 14. Chemotaxis of PMN treated 30 min with crude PLD (700 U/ml), migrating 
out of well (top) toward activated normal sheep serum (bottom). Net 
migration score, 0.8. Mag., 137X. 
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Fig. 15. Random migration of normal PMN out of well (top) tov/ard well containing 
HBSS (bottom). Net migration score, 13.5. Mag., 137X. 
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Fig. 16. Random migration of PMN treated 30 min with purified PLD (70 U/ml) 
migrating out of well (top) toward well containing HBSS (bottom). Net 
migration score, 0.5. Mag., 137X. 
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Chapter 4 

DISCUSSION 

These studies were designed to determine if C. pseudotuberculosis 

PLD produces in vitro effects on various functions attributed to normal ovine 

neutrophils. Any such effects may be important in the ability of the organism to 

overcome early host immune defenses in the course of producing disease. 

Initially, it was necessary to develop a simple, effective method for 

separation of neutrophils from peripheral blood. The primary considerations were: 

obtaining a high cellular yield, achieving a high percentage of PMN with good 

separation from other leukocyte contaminants, minimizing damage to the cells, and 

consistency. Based on these parameters, the centrifugation/ammonium chloride 

lysing (ACL) buffer method was determined to be ideal for this study. Methods 

using ficoll-hypaque or percoll were attempted with the conclusion that neither 

method provided as high a cell yield while providing ease of separation and 

consistency. The ACL method increased the PMN population, found in peripheral 

blood in this study to be 34%, to nearly 84% while nearly eliminating the 

lymphocyte and monocyte populations. The increase in the eosinophil population 

to nearly 10% was due to the similar densities of granulocytes which tend to settle 

out in the same layer in any centrifugation separation method. The effect of 
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eosinophils on functional assays performed in this study was considered minimal. 

Eosinophils were never found to be actively involved in phagocytic events and in 

experiments in which cell morphology could be determined by staining (TEM, IFAT, 

chemotaxis) these cells were segregated and not included in data. 

Advances made in our laboratory in the area of PLD protein 

purification using isoelectric focusing (Egen et al, 1988) made it advantageous to 

utilize a PLD preparation which was purified to near homogeneity. Many studies 

done using only a crude culture supernatant have produced results which have 

been attributed to the action of PLD alone. Such crude preparations may also 

contain a variety of bacterial exoproducts which could also alter cell membrane 

structure, including proteases, glucosidases and neuraminidases (Mollby, 1973). 

Because PLD has a higher isoelectric pH (9.8) than most other culture supernatant 

proteins, it is ideally suited for this method of purification. In this study, both 

purified and crude forms of PLD were utilized and compared. 

Since actual PLD concentrations produced during the course of 

disease are unknown, concentrations found in culture supernatant were used to 

establish those used in these experiments. An upper limit found in culture 

supernatant of about 700 U/ml was used as a baseline figure with most 

experiments run at either 70 U/ml or 700 U/ml of PLD activity. 

PLD is a heat-labile protein and one study reported complete 

inactivation of PLD in culture supernatant fluids after treatment at 75 °C for 15 min 



(Muckle and Gyles, 1986). Crude PLD preparations used in our study were not 

fully inactivated until heated at 100°C for 60 min, as determined by several assays 

for detection of PLD activity. Such discrepancy could be due to differences in PLD 

concentrations used and the sensitivity of assays. 

The viability of ovine neutrophils during exposure to various PLD 

concentrations was assessed by trypan blue exclusion. These findings showed 

the cells to be very resistant to any lethal effects attributed to PLD during the first 

10 h of treatment by either external PLD in media or by an oil-emulsified PLD 

preparation ingested by the PMN. This was true even at very high concentrations 

of PLD. After 24 h, however, a dramatic drop-off in viability was seen especially 

in the emulsifion treatment groups. While the viability decline in externally treated 

cells appeared to be dose dependent, PMN treated with emulsified PLD were 

nearly all killed regardless of the PLD concentration after 24 h. Because heat-

inactivated PLD controls were significantly less able to cause cell death, any lethal 

effects can probably be attributed to enzymatic degradation of substrate by PLD. 

The ability of the PMN to remain viable during the first few hours of 

treatment, which are the most critical for the neutrophil immune function, indicates 

that PLD is probably not a potent leukotoxic agent for PMN in vivo in terms of 

pathogenicity. This is especially true considering that the PLD concentrations used 

in these viability experiments are probably much higher that those found in vivo. 

After 10 h, PMN should have long since utilized their primary immune functional 
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capabilities in response to infection. Thus, their death after this time would be less 

important, except as it may relate to the release of chemotactic agents for other 

phagocytes or tissue-damaging hydrolytic enzymes. The dye exclusion assay 

does have limitations, in that only intact cells are stainable and any cell which may 

have lysed may not be accounted for. Nonetheless, these tests have indicated a 

potential long term cytotoxic effect which may be attributed to PLD as well as 

establishing viability criteria which were utilized in subsequent PLD treatment 

experiments. 

Electron microscopic studies on the effect of PLD on ovine 

erythrocytes have shown these cells to have drastically altered outer membranes, 

exhibiting invagination or internal vesiculation due to membrane collapse (Brogden 

et al, in press). Our SEM examination confirmed these findings in ovine RBC 

treated with crude PLD which were used as controls for parallel PLD treatment of 

neutrophils. The lack of this phenomenon or any other gross observable outer 

membrane damage in PLD-treated PMN may be attributed to the reduced 

concentration of sphingomyelin, different distribution of sphingomyelin, or greater 

structural integrity of the PMN membrane. In sheep erythrocytes, sphingomyelin 

accounts for about 50% of the total phospholipid, and most of the choline-

containing phospholipids are located in the outer half of the membrane bilayer 

(Bernheimer et al, 1980). 
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PLD-treated PMN were challenged with S. epidermidis and examined 

by transmission electron microscopy. S. epidermidis were used in a control role 

as an avirulent gram-positive bacteria. Using C. pseudotuberculosis in these 

experiments would have introduced other possible toxic effects, including those 

produced by the cell wall lipid (Hard, 1975). The use of thin sectioning provided 

microscopic verification of ingestion of bacteria by normal and PLD-treated PMN 

and provided evidence for fusion of lysosomes with phagosomes by PLD-treated 

cells including signs of bacterial digestion. PLD-treated PMN appeared otherwise 

healthy, exhibiting no evidence of internal or external membrane damage, although 

some cells appeared to have reduced microvilli and occasional increases in 

numbers of vacuoles. Thus, PLD does not appear to affect the ability of PMN 

lysosomal granules to fuse with phagosomes containing bacteria. 

Control PMN treated only with crude PLD also appeared healthy but 

appeared to have a reduced number of cytoplasmic granules upon TEM 

examination. Quantifying these granules in numerous cells did show that PMN 

treated with either crude or purified PLD at 70 U/ml contained fewer granules 

compared to untreated cells, indicating that PLD may have triggered a partial 

degranulation event. Although this difference was greater in crude PLD-treated 

cells, there was still a clear reduction in mean granule counts in the purified PLD 

treatment group after only 15 min. 
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Other bacterial toxins have been shown to be responsible for cellular 

degranulation. Highly purified phospholipase C (alpha toxin) and theta-toxin from 

Clostridium perfrinaens caused the release of 50% of cellular histamine from rat 

mast cells during the first hour of treatment (Strandberg et al, 1974). Also, the 

Panton-Valentine leukocidin produced by most strains of S. aureus has been 

shown to cause degranulation of human and rabbit PMN and macrophages (Davis 

et al, 1980). 

PMN which have undergone partial degranulation prior to contact 

with bacteria may be compromised in their ability to produce subsequent lethal 

effects after internalization due to functional exhaustion. Also, the release of 

granular hydrolytic enzymes into the local environment may cause damage to host 

tissue and could contribute in the formation of localized lesions. If not released 

from the cell, lysosomal contents may accumulate in the cytoplasm, causing 

detrimental effects on the neutrophil, although no such obvious cytoplasmic 

morphologic changes were found in this study. 

In another study, treatment of murine macrophages by C. perfrinaens 

PLC altered the cell membrane in a manner that reduced subsequent attachment 

by opsonized B. subtilis (Allen and Cook, 1970). The first evidence in our study 

for a similar effect produced by PLD came from experiments on interaction of S. 

eoidermidis with PLD-treated PMN. Those PMN treated coincident with an 

unopsonized S. eoidermidis challenge had significantly fewer bacteria associated 



with them when compared to untreated PMN. This effect was also found when 

PMN were treated with purified PLD. In both normal and treated PMN, bacterial 

ingestion in this assay could be confirmed by TEM examination but not the 

frequency which it occurred. 

Two other factors which may have contributed to the total scoring 

equation of this assay were extracellular bacteria and killing by phagocytosis. 

Although the PMN cultures were thoroughly washed prior to lysis by sonication, 

extracellular bacteria could not be completely removed. Based on plate counts 

from final washings and from PMN lysed after incubation at 0-4 °C during 

challenge to prevent attachment, this factor was kept to a minimum (<1 X 103). 

Assuming untreated PMN were in fact ingesting more bacteria, any reduction in 

total bacteria by PMN killing would strengthen the argument for more bacteria 

being associated with the untreated group. Even though the distinction between 

attachment and uptake could not be determined by this assay, inhibition of uptake 

only would probably have led to detection of similar total numbers of cfu after lysis 

of PMN in both groups. It can therefore be hypothesized that the PLD effect 

interfered with attraction or attachment. Hence, these prospective findings 

provided enough evidence to further investigate possible PLD effects on 

phagocytosis using an alternative assay. 

An indirect fluorescent antibody test (IFAT) was used to detect the 

location of C. pseudotuberculosis after a 1 h challenge of PMN attached to glass 
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cover slips. Results from these experiments showed that the percentage of PMN 

ingesting bacteria was significantly reduced by those PMN which were treated with 

crude or purified PLD coincident with or prior to challenge. The similarity in the 

effect of pretreatment or coincident treatment suggests that the PLD effect is rapid 

and not rapidly reversible. Those PMN treated with heat-inactivated PLD were not 

significantly impaired in their ability to engulf bacteria. PLD had no apparent effect 

on the ability of pretreated cells to attach to the cover slips, and detachment of 

PMN was not observed in any of the treatment groups. 

In order to distinguish between intracellular from extracellular 

bacteria, cells were fixed in either 100% methanol or 1% glutaraldehyde. In 

methanol-fixed cells, antibody crossed the membrane, whereas glutaraldehyde 

cross-linking of the membrane made it impermeable to antibody. Cover slips fixed 

with glutaraldehyde showed only occasional C. pseudotuberculosis between and 

attached to the sides of the PMN and were considered too infrequent to influence 

the assay objective. Only bacteria that appeared within PMN were counted. At 

1000X magnification, fluorescing PMN were easily distinguished from non-

fluorescing cells for determining the percentage of PMN involved in uptake. 

Comparison of results obtained by both fixation methods suggests that after 1 h, 

the majority of C. pseudotuberculosis were either internalized or removed through 

vigorous washing. 
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IFAT results indicated that PLD activity was responsible for these 

effects on ingestion, probably due to enzymatic damage to the PMN membrane. 

It is possible that membrane receptor sites became sufficiently damaged or were 

lost, affecting the initial attachment phase of phagocytosis. Sphingomyelin, the 

substrate of PLD, has been shown to be tightly bound to IgE-FcR receptor 

complexes in basophils (Rivnay and Fischer, 1986). 

Phospholipases have also been shown to affect membrane receptor 

binding. In a study on the ability of antibody-coated chicken erythrocytes to bind 

to human leukocytes, Fc binding to monocytes and lymphocytes was strongly 

inhibited (partially inhibited in neutrophils) by pretreatment of these leukocytes with 

highly purified sphingomyelinase C (Wilkinson, 1977). Also, S. aureus 

sphingomyelinase C-treated human neutrophils showed a reduced ability to bind 

human serum albumin (Wilkinson and Allan, 1978). These studies suggest that 

PLD may play a role in enzymatic alteration of receptor sites which may impair 

attachment capabilities. 

Because the S. epidermidis cultures were not opsonized, reduction 

in PMN association could involve PLD damage to nonspecific receptor sites. Also, 

cleavage of positively-charged polar head groups (choline) from the PMN outer 

membrane surface may have reduced the electrostatic attraction potential between 

the PMN and net negative charge of the bacteria. One study has shown that 

neutrophils and macrophages would not phagocytose objects whose surfaces 



were more hydrophilic than the phagocyte's (Van Oss and Gillman, 1972). Based 

on this theory, cleavage of choline from neutrophil membranes could make this 

surface less hydrophilic and therefore less capable of spontaneous particle 

attraction. These theories may also apply to the explanation of reduced uptake 

of (^-pseudotuberculosis by PLD-treated PMN. In addition, because these bacteria 

were opsonized with fresh normal ovine serum, they would be expected to be 

primarily coated with the C3b component of complement, and therefore alteration 

or release of specific C3b surface receptors by PLD may also be hypothesized. 

It is also possible that PLD damage to the PMN was more severe, causing enough 

damage to affect actual mechanical function at a sublethal level. 

Clearly, not all PLD-treated PMN were inhibited in their ability to 

ingest bacteria, and these cells were often able to internalize as many or more 

bacteria as the untreated cells. This suggests a possible balance in terms of what 

may be most advantageous for propagation of C. pseudotuberculosis. An 

overwhelming neutrophilic response might be sufficient to slow bacterial 

multiplication, allowing their eventual elimination by macrophages, before they 

become established in tissue. PLD may provide a mechanism by which this 

response can be reduced. Conversely, complete PMN inhibition may prevent the 

use of these cells as an intracellular vehicle for dissemination in the host, which is 

thought to be a potential mechanism in the pathogenesis of this organism. 
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Many bacterial toxins are known to activate serum complement, 

including PLD, which is thought to activate complement by the alternate pathway 

(Muckle and Gyles, 1986). In our study, a migration-under-agarose method was 

used first to determine if PLD acts as a chemotexin or chemotaxigen, and second 

to determine what effect treatment of PMN by PLD would have on their 

chemotactic capabilities. 

Various phospholipases have been shown to significantly inhibit 

chemically directed leukocyte migration function (Wilkinson, 1974; Wilkinson, 1975; 

Wilkinson, 1977; Wilkinson et al, 1976). Human blood monocytes treated with 

either C. perfrinaens PLC or S. aureus sphingomyelinase C were shown to inhibit 

the ability of these cells to migrate toward an established chemotactic gradient. It 

is thought that these phospholipases affect membrane lipids in a manner similar 

to that of chemotactic factors (Wilkinson, 1974). 

In our study, PLD strongly inhibited chemotactic and random 

migration by treated PMN. Also, purified PLD was shown to activate normal sheep 

serum, probably producing serum complement chemotactic factors which created 

a chemical gradient for initiating a strong directed migration of PMN. In addition, 

it was shown that PLD does not act as a chemotactic agent on its own at any 

concentration or purity examined. Sheep serum does not appear to be activated 

by agarose via the alternate pathway as was shown to be the case with human 

serum. Finally, sheep PMN did not migrate toward agarose-activated human 
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serum, suggesting possible species variation for complement subunit receptor 

sites. 

Migration of PMN in plates containing only HBSS as the chemotactic 

agent was termed random migration. The distinction between active migration 

toward a chemotactic gradient and simple random migration out of the well was 

clear. Cells which migrate randomly moved out of the well at approximately the 

same distance in every direction, whereas PMN responding to a chemotactic 

gradient created a unidirectional dome-like plume toward the chemoattractant well. 

The effect of PLD on inhibition of PMN migration may be related to 

membrane receptor activity. PLD may damage receptor site complexes on PMN 

membrane surfaces necessary for binding of serum complement chemotactic 

agents which initiate directed cell migration. It is possible that the receptor site for 

chemotactic factors lies within the phospholipid bilayer and may consist of lipid 

domains, making these sites potentially susceptible to PLD effects. 

However, because random migration was also effected by PLD 

treatment, it is likely that the PLD effect goes beyond receptor damage. It is 

thought that certain chemotactic factors stimulate migration by penetrating the 

hydrophobic interior of the lipid bilayer causing changes in divalent cation 

concentrations which initiate locomotor response (Wilkinson, 1975). If PLD is able 

to cause sufficient membrane damage to induce changes in permeability, changes 

in cationic flux may also occur, compromising subsequent normal responses to 
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a chemoattractant. It is also possible that PLD produces a toxic effect on initiation 

of cellular locomotion, although a more specific effect on the reduction of the 

binding of chemotactic factors to the PMN membrane cannot be ruled out. 

The ability of PLD to activate serum complement suggests some 

potentially interesting effects in terms of pathogenesis. Complement activation by 

excreted PLD may deplete complement components in the local environment or 

even distal to the bacteria cell membrane, and thereby reduce the potential for 

complement deposition. Also, complement activation can produce increases in 

vascular permeability. This occurs indirectly due to the ability of complement 

peptide subunits C3a and C5a to cause both the release of vasoactive amines 

from tissue mast cells and the contraction of smooth muscle. 

Thus, results of these studies have provided a better understanding 

of the potential effects of PLD on ovine neutrophil function as it pertains to the 

pathogenesis of C. pseudotuberculosis infections. Data presented suggest that 

PLD may exert influences on normal PMN viability and function and that these 

effects could be related to events which occur in vivo. 

There seems to exist a dynamic balance between the host's potential 

ability to eliminate C. pseudotuberculosis and the ability of the bacterium to utilize 

the host's immune response to facilitate survival and spread in tissue. After 

gaining entrance into host tissue, production of PLD could activate serum 

complement, leading to an intense exudation of PMN into the region, all the while 
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depleting complement needed for opsonization. Subsequent partial degranulation 

by incoming PMN could intensify increases in vascular permeability and cause 

localized tissue damage while possibly compromising the PMN killing potential. 

Chemotaxis by these PMN toward the bacteria may also be impaired by PLD, as 

may the potential for bacterial ingestion. Without these potential effects attributed 

to PLD, an intense PMN response might be capable of eliminating or controlling 

infection. More likely, the PMN response is only deterred sufficiently to allow 

bacterial multiplication while possibly utilizing a reduced degree of phagocytosis 

as a vehicle to propagate spread of bacteria to other tissue and lymph. 

Clearly, not all aspects of the effects of PLD on ovine neutrophil 

function have been addressed. Future work may consider the PLD effects on 

PMN metabolic biochemistry and bacterial killing rates. Also, it will be interesting 

to determine if new findings or effects described as a result of these studies can 

be identified in mononuclear phagocytes. Still, these findings support and 

strengthen the theory that PLD plays an integral role in the pathogenesis of 

infections by C. pseudotuberculosis. 
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