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(i)
ABSTRACT
Tenosynovitis in commercial poultry in Australia was previously
hypothesised to be due to a primary subclinical or mild clinical
infection with avian reovirus which predisposed to a secondary
staphylococcal infection, particularly by Staphylococcus aureus,
resulting in severe clinical disease. The principle objectives of
the studies reported in this thesis were to determine if one possible
mechanism whereby avian reovirus infection could predispose to a
secondary bacterial infection was by suppression of the phagocytic or
bactericidal activity of leukocytes, and if there was any correlation
between the virulence of staphylococci isolated from chickens with
tenosynovitis and the phagocytic or bactericidal activity of
leukocytes for these staphylococci.
The investigation included a study of two pathogenic and two non
pathogenic strains of staphylococci and four strains of avian
reovirus representing the four antigenic types of avian reovirus
detected in Australia.
Techniques were developed to separate heterophils from the peripheral
blood of chickens, and to assess the functional activity of these
cells. A simple and reproducible procedure using a Percell density
gradient was developed which provided fractions containing 96.9% and
99.8% heterophils of 96% to 98% viability with some contaminating
erythrocytes.

The heterophil function tests which were developed

were the phagocytosis of staphylococci and latex beads, the
bactericidal activity against staphylococci, and heterophil adherence
to nylon fibres: the heterophils purified by Percell density gradient
centrifugation were found to be capable of these functions.
A method was also developed for the culture of adherent mononuclear

(ii)

cells {MN) from both peripheral blood and bone marrow.

The function

of these cultured adherent MN was assessed by the phagocytosis of S.
aureus and latex beads.
A comparison was made of the bactericidal activity of heterophils
against two pathogenic and two non-pathogenic strains of
staphylococci which had been isolated from chickens with
tenosynovitis.

All strains were killed by heterophils but one of the

two non-pathogenic strains, S. aureus strain 1333, was killed at a
faster rate than the other strains.

Rapid destruction of this strain

was also detected when it was added to whole blood and occurred. in a
dose-dependent manner when it was added to lysed heterophils,
indicating that the bactericidal activity was due to exposure to a
component of the heterophils and did not require viable heterophils.
The rapid killing of strain 1333 by heterophils was considered to be
a probable cause of the lack of pathogenicity of this strain in
normal chickens.

In contrast, the other non-pathogenic strain, S.

hyicus strain 1609, was the most resistant to heterophil-mediated
killing.

Compared to the results obtained with heterophils, both the

non-pathogenic bacterial strains were found to be phagocytosed by
cultured adherent MN to a lesser extent than the pathogenic strains,
indicating that in normal chickens these cells were not responsible
for the lack of pathogenicity of the two non-pathogenic strains of
staphylococci examined.

It was concluded that the lack of

pathogenicity of S. hyicus strain 1609 in normal chickens was not
related to its comparative destruction by either heterophils or

adherent MN in vitro, and was likely to be due to other intrinsic
properties of this strain.

The replication of avian reovirus was investigated in various types
of peripheral blood and lymphoid tissue cells.

Replication of avian

reovirus was not detected in heterophils, thrombocytes or Band T

(iii)

lymphocytes.

The phagocytic and bactericidal activity of heterophils

and the adherence of heterophils to nylon fibres also were not
affected by reovirus infection.

It was concluded that avian

reoviruses were unlikely to modify the bactericidal activity of
heterophils for staphylococci.

However, replication of all four

strains of avian reovirus was detected in cultured MN of bone marrow
and peripheral blood origin and resulted in lysis and fusion of the
infected cells.

The avian reovirus strain of antigenic type A and

the RAM-1 strain replicated in a higher percentage of these cells
than the strains of antigenic type Band C, indicating the existence
of strain variation in the capacity of avian reoviruses to replicate
in MN.

Reovirus infection of cultured MN impeded their phagocytic

function, but no indirect suppression of phagocytosis by uninfected
cultured MN was caused by cytokines released from the infected cells.
Assuming the behaviour of cultured adherent MN is analogous to MN in

vitro, these results indicate that reovirus infection would reduce

the phagocytosis of both pathogenic and non-pathogenic strains of
staphylococci by MN and could predispose chickens to infection by
staphylococci.
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CHAPTER 1: INTRODUCTION
It has been suggested that tenosynovitis in commercial chickens in
Australia was due to a primary reovirus infection of synovial
membranes which resulted in a subclinical or mild clinical disease,
and the reovirus infection predisposed chickens to a secondary
infection by bacteria (especially Staphylococcus aureus) and resulted
in the appearance of severe clinical disease (McKenzie and Bains
1977; Kibenge et al 1982; Kibenge et al 1983).
evidence for this conclusion was:

1)

The principal

both reovirus and bacteria

could be readily isolated from affected chickens;

2)

while avian

reovirus strains isolated in the United Kingdom and the USA can readily
reproduce the disease following experimental infection of young
chickens, the pathogenicity of the reovirus strains isolated in
Australia was low and they were able to produce only mild tenosynovitis
lesions in chickens inoculated by the foot-pad route;

3)

while S.

aureus was the principal bacterial isolate from affected chickens it

was not isolated from all chickens and especially not from those in the
early stages of the disease;

4)

there was also a marked variation in

the phage type of strains isolated from different affected flocks of
birds which indicated that tenosynov4tis outbreaks were not the
result of a single strain of S. aureus;

5)

some strains of

staphylococci isolated from lesions were unable to induce clinical
disease in experimentally-infected reovirus-free chickens;

6)

experimental infection with pathogenic S. aureus strains did not

result in a typical tenosynovitis syndrome as observed under field
conditions.
The purpose of this thesis was to investigate the possible host
related mechanisms which might contribute to the pathogenicity of
bacteria isolated from tenosynovitis. lesions but shown to be non
pathogenic in experimentally-infected chickens (Kibenge et al 1983).

!
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Emphasis was placed on the comparative phagocytosis of pathogenic and
non-pathogenic bacteria by peripheral blood phagocytes and the effect
of reovirus infection on the phagocytic process.

The aim of these

studies was to determine if pathogenic and non-pathogenic bacteria
were phagocytosed to different extents by phagocytic cells and if
this was affected by prior reovirus infection.
A review of the literature on phagocytosis, the mechanisms affecting
the function of phagocytic cells and a brief review of S. aureus and
reovirus were undertaken and reported in Chapter 2.
Histological examinat�on of lesions of tenosynovitis-affected

chickens in Australia has shown that the predominant inflammatory
cells associated with the lesions were heterophils (Kibenge et al
1982a).

Therefore, to evaluate the relative phagocytosis and

destruction of pathogenic and non-pathogenic staphylococci by
heterophils, purified populations of heterophils rather than
monocytes were used.

Heterophils were used as neutrophils, which are

considered to be the heterophil-equivalent in mammals, are known to
be more efficient at bacterial killing than monocytes.

Initial

studies were undertaken to develop procedures to separate and produce
relatively pure populations of heterophils and adherent mononuclear
cells from peripheral blood of chickens and these investigations are
reported in Chapter 3.

Some of the techniques used have not been

previously reported for the avian species.
Studies then were undertaken to investigate the comparative killing
by heterophils of bacteria shown to be either pathogenic or non
pathogenic in SPF chickens.

The development of an assay for this

purpose using peripheral blood heterophils, and the results of the
comparative bactericidal study are reported in Chapter 4.

The

phagocytic activity of adherent mononuclear cells for these strains

!
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of bacteria also is reported in Chapter 4.
Studies were undertaken to determine if heterophils and adherent
mononuclear cells were able to support the replication of four
antigenic types of avian reovirus present in Australia and these
results are reported in Chapter 5.

The results demonstrated that

avian reoviruses were able to replicate in adherent mononuclear cells
but not in heterophils, which confirmed the previous report by Bulow
and Klasen (1984) that reoviruses exhibit tropism for mononuclear
cells and that such cells may be a primary target for avian reovirus
in chickens.
Additional studies were performed to determine if reovirus infection
of heterophils and adherent mononuclear cells inhibited the
phagocytic activity of these cells, and whether there was any
indirect effect caused by cell products released from virus-infected
cells on the phagocytic activity of uninfected cells.

These results

are presented in Chapter 6.
A general discussion of results and main conclusions arising from the
investigation are presented in Chapter 7.
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CHAPTER 2: A REVIEW OF THE LITERATURE OF THE EFFECT OF BACTERIAL AND
VIRAL INFECTION ON PHAGOCYTIC ACTIVITY VITH PARTICULAR EMPHASIS ON
STAPHYLOCOCCAL AND REOVIRUS INFECTION IN CHICKENS

The interaction between the host and pathogenic agents is a complex
battle in which one may eventually succumb to the damaging effects of
the other.

A thorough understanding of the principal performers in

the syndrome of tenosynovitis in chickens is necessary for the study
of the phagocytic defence of the chicken against the potentially
lethal effects of the staphylococci and avian reovirus involved in
this disease.

While phagocytic cells (reviewed in Part A, and

methods to assess their function in Part B) are only one part of the
host's defence arsenal, there are complex effects of viral infections
(reviewed in Part C) and staphylococcal infections (reviewed in Part
D) on the entire defence system which modify the spread of these
organisms within the host.

A description of avian reovirus and its

associated disease syndromes in chickens is given in Part E.
A.

HOST PHAGOCYTIC CELLULAR DEFENCE MECHANISMS

a) Phagocytic Cells
The defence mechanisms used by animals to resist bacterial invasion
include a wide array of mechanical, cellular (including phagocytic),
molecular and humeral components which work in collaboration.

The

cellular phagocytic components were first described by the Russian
biologist, Elie Metchnikoff (1905), as microphages (neutrophils) and
macrophages, which ingest foreign solid particles and subject them to
intracellular digestion.

His contemporary, Paul Ehrlich (1900),

recognised the importance of the secretory products of the neutrophil
granules in inducing inflammation.

Following these reports a greater

understanding of the physiology of bacterial killing by these cells

5

It has since become clear that both phagocytic and

followed.

secretory functions of each of these cell types is necessary for the
total control of bacterial infections and the modulation of viral
infections.
The cells which are phagocytic in avian species have been shown to be

heterophils (Lucas and Jamroz 1961), macrophages and thrombocytes
(Glick et al 1964).

Heterophils are the equivalent of neutrophils in

mammalian species and thrombocytes are the nucleated equivalent of
mammalian platelets.

Avian heterophils and macrophages avidly

phagocytose Staphylococcus aureus (Glick et al 1964, Carlson and
Allen 1969, Topp and Carlson 1972c) and morphological studies have
shown that the phagocytosed S. aureus are degraded (Topp and Carlson
1972c).

Engulfment of S. aureus and Mycobacterium avium by avian

heterophils was also described by Nair (1973) and the phagocytosis by
chicken heterophils of yeast cell walls and Bacillus megaterium by
Hirsch (1962).

Chicken heterophils in vitro were reported to be

capable also of killing Serratia marcescens, Escherichia coli,
Staphylococcus albus and Candida albicans (Brune et al 1972).
Extracts of the primary granules of heterophils were able to impede
..,.-...

�

.

the growth of these organisms (Brune and Spitznagel 1973).

Carlson

and Allen (1969) described chicken heterophils as being selectively
phagocytic as heterophils ingested staphylococci but not vital dyes,
whereas macrophages phagocytosed both staphylococci and vital dyes
and were considered to be non-selective phagocytes.
In contrast to mammalian platelets which are structured cytoplasmic
fragments, avian thrombocytes are nucleated cells.

They have been

reported to phagocytose S. aureus (Glick et al 1964; Carlson et al
1968), viruses (Sterz and Weiss 1973) and colloidal carbon (Awadhiya
et al 1980).

However, Carlson et al (1968) demonstrated both

trephocytic and phagocytic activities of chicken thrombocytes and
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suggested that non-specific phagocytosis may occur in thrombocytes.
Thrombocytes have not been proven to exhibit bactericidal
capabilities and bacteria phagocytosed by them may be temporarily
immobilised rather than killed.

Grecchi et al (1980) showed that

zymosan particles bound to chicken thrombocytes but were not
phagocytosed and that avian thrombocytes did not express cell
membrane receptors for chicken IgG, also indicating that thrombocytes
are incapable of specific phagocytosis of IgG opsonised particles.
Chicken thrombocytes contain acid phosphatase {which may assist in
phagocytosis), serotonin and glycogen (Swayne et al 1986) and
fibrinogen and beta thromboglobulin (Morgenstern and Janzarik 1985),
similar to human platelets.

The ultrastructure of avian thrombocytes

has been described by Dhingra et al (1969), Enbergs and Kriesten
(1968a and·b), Sweeny and Carlson (1968) and Maxwell and Trejo
{1970).
The factors regulating the production and function of mammalian
granulocytes and monocytes were reviewed by Cannistra and Griffin
(1988).

Neutrophils or heterophils (polymorphonuclear leukocytes -

PMN) are produced in the bone marrow following stimulation of
committed myeloid stem cells by colony stimulating factor (Metcalf
1988).

Their production time is 5 to 6 days, and a large reserve of

late-stage PMN is held in the bone marrow, and this reserve is
available on demand.

In man, this pool may represent up to 90% of

the total body neutrophil population (Leslie 1984).

Neutrophils

circulate only for 6 to 10 hours in the peripheral blood stream
before migrating, under the influence of chemotactic factors, into
the tissues where they function in their primary role of cellular
defence (Duncan and Prasse 1986).

They may survive only 2 to 3 days

in tissues and do not return to the circulation {Jain 1986a).
Ultimately they may be shed from the body in secretions 1 or lysed or
phagocytosed by macrophages (Jain 1986a).
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The kinetics of the production and lifespan of heterophils in avian
species has not been described.

However, Carlson and Allen (1969)

studied the kinetics of the acute inflammatory response to S. aureus,
a vital dye, turpentine and bovine serum albumin in chicken skin, and
found that heterophils dominated the inflammatory reaction up to
3 hours post-injection but large numbers of macrophages and basophils
were also present at this time.

Peak exudation and the most acute

reaction occurred 12 hours after injection when there was a
predominance of both PMN and macrophages.

In a similar study of the

inflammatory effects of a variety of irritants including S. aureus,
Nair (1973) also found that while heterophils and monocytoid cells
emigrated to an inflammatory site concurrently, the heterophils
emigrated in much larger numbers.
The chicken heterophil is 8 µm to 10 µm in diameter, with a segmented
nucleus containing up to five lobes, and an Arneth index (the average
number of nuclear lobes} of 2.44 (Lucas and Jamroz 1961; Hodges
1977).

The cytoplasm contains large numbers of oval-shaped,

eosinophilic granules. Avian heterophils may be differentiated from
eosinophils both by specific stains and morphologically: unlike
heterophils, chicken eosinophils may be stained by peroxidase
reactions in both fresh blood (Andreasen and Latimer 1990) and tissue
sections (Maxwell 1984a}, and by acid phosphatase (Daimon and Caxton
Martins 1977; Maxwell 1986) and Sudan black B stains (Andreasen and
Latimer 1990}; morphologically, the eosinophil granules are spherical
(Hodges 1977) whereas the granules of heterophils are elongated.
However, heterophil granules often appear round or confluent in tissue
sections (Montali 1988) making the latter difference not distinctive.
The fine structure and cytochemical changes of eosinophils in
chickens with eosinophilia have been described by Maxwell (1986).

i
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Morphologically, by light microscopy, the predominant granules in
chicken heterophils differ from those of their common mammalian
neutrophil counterpart by being very large and rod or spindle-shaped
with a central spherical core (Hodges 1977).

The large granules

appear to congest the cytoplasm to the extent that there appears to
be little room for phagocytosed particles.

These granules are strongly

eosinophilic with Romanowsky stains, compared to the pale lilac
colour of many mammalian neutrophil granules; this eosinophilic
characteristic is due to the high iso-electric point of chicken
heterophil granules (Kelenyi and Nemeth 1969).

The ultrastructure of chicken heterophils has been described by
Maxwell and Trejo (1970), Osculati {1970), Topp and Carson {1972c),
Maxwell (1974), MacRae and Spitznagel {1975) and MacRae and Powell
(1979).

Three types of cytoplasmic granules have been recognised

ultrastructurally in the chicken heterophil {Dhingra et al 1969;
Brune and Spitznagel 1973; Ericsson and Nair 1973; Daimon and Caxton
Martins 1977; MacRae and Powell 1979): the primary or A granules are
electron-dense and large, up to 3 µm long, and correspond to the
predominant fusiform granules seen on light microscopy; the secondary
or B granules are small, round to oval electron-lucent granules with
a pale fibrillar matrix and are 0.1 µm to 0.6 µm in size; the
tertiary C granules or lysosomes appear during the myelocyte stage
and are smaller and electron-dense, up to 0.2 µm in diameter and with
a dense core and a more electron-lucent periphery (Ericsson and Nair
1973; MacRae and Powell 1979).

The primary granules first appear at

the promyelocyte stage in spherical form but develop into the
familiar rod shapes during cell maturation (MacRae and Powell 1979).
Avian heterophils contain the following lysosomal hydrolytic enzymes:
lysozyme (a mucopeptide also called muramidase), acid phosphatase
{Ericsson and Nair 1973), phosphorylase, uridine-diphosphoglucose-

!
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glycogen glucosyl transferase (UDPGGT), aryl sulphatase, beta
glucuronidase (Topp and Carlson 1972b; Nair 1973; Rausch and Moore
1975) and a lysosomal marker, trimetaphosphatase, which is also found
in rabbit heterophils (Maxwell 1984b); they were found to lack
alkaline phosphatase (Brune and Spitznagel 1973; Daimon and Caxton
Martins 1977), myeloperoxidase (Brune and Spitznagel 1973), catalase
(Breton-Gorius et al 1978) and proteases such as cathepsin (Montali
1988), and did not stain with chloroacetate esterase or alpha
naphthyl acetate esterase stains (Lucas and Jamroz 1961; Osculati
1970). Lysozyme and cationic proteins are located in the A granules,
and acid phosphatase is found in the C granules (Brune and Spitznagel
1973).

The cationic proteins were demonstrated by the ammoniacal

silver reaction to be contained exclusively in the A granules (MacRae
and Powell 1979).
A major biochemical difference between avian and most mammalian
granulocytes is the lack of the neutrophil marker, myeloperoxidase,
in avian heterophils (Montali 1988) but this does not interfere with
their ability to inhibit the growth of bacteria (Brune et al 1972)
and indicates that mechanisms other than myeloperoxidase may have
powerful antimicrobial effects.

Most of the antibacterial activity

of avian heterophils was attributed to cationic protein (Brune and
Spitznagel 1973).

The lack of proteolytic enzymes in heterophils

appears to account for the characteristic caseous nature of avian
heterophil granulomas (Montali 1988).
The degranulation of individual avian heterophil granules was filmed
by Hirsch {1962) and reported to occur extremely rapidly (0.1 second
or less) and explosively; in place of the ruptured granule there
appeared a clear zone, with a small phase-dense round structure, the
central core.

Accompanying granule lysis there was an increase in

phase density of the phagocytosed bacteria {B. megaterium), followed
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by contraction of the clear zone towards the engulfed particle
(Hirsch 1962).

s.

Topp and Carlson (1972c) observed rapid engulfment of

aureus by turkey heterophils; the heterophil granules became

progressively basophilic and cells began to undergo cytolysis and
fragmented after 10 minutes of incubation.

Granules from lysed avian

heterophils have been observed to be engulfed by mononuclear
phagocytes (Carlson and Allen 1969).
In mammals, neutrophils and macrophages have also been shown to
contain low molecular weight polypeptides of 12 to 20 amino acid
residues in length, the defensin molecules, which have in vitro
antibacterial and antiviral activities (Ganz et al 1985; Lehrer et al
1985; Daher et al 1986).

Rabbit and human defensins were not found

to neutralise reovirus type 3, but other viruses including herpes
simplex and vesicular stomatitis viruses were inactivated (Lehrer et
al 1985; Daher et al 1986}.

The avian heterophil has been found to

possess proteins with a pattern of electrophoretic migration very
similar to the defensin molecules.

These and similar molecules may

play an important role as "natural antibiotics" in chicken
heterophils which have demonstrable bactericidal activity but lack
the enzyme peroxidase considered necessary for bacterial destruction
in mammalian PMN.
In addition to their involvement in acute inflammatory reactions,
neutrophils have a role in mediating cytotoxicity (Jain 1986a).
However, chicken granulocytes differ from mammalian granulocytes in
exerting cytotoxicity when in the non-activated state (Mandi et al
1985).

Mandi et al (1985) demonstrated chicken heterophils to be the

main effector cells of natural cytotoxicity against two virus
transformed chicken cell lines.

As the main effector cells of

cytotoxicity, heterophils may be regarded as the equivalent of the
large granular lymphocytes of mammals (Mandi et al 1985).

Products
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from PMN involved in inflammation include leukotrienes, platelet
activating factor, oxygen metabolites and enzymes including cationic
proteins, elastase and cathepsins which all increase vascular
permeability (Harlan 1987).

Mammalian neutrophils also function in

coagulation and fibrinolysis (Jain 1986a).
The phagocytic and secretory functions of PMN in all species may be
modulated by a variety of physical and chemical factors.

In vitro, a

temperature increase from 37 ° C to 40 ° C increased the bactericidal
activity of mammalian PMN for S. aureus (Johansen et al 1983).
Lymphokines secreted by both unstimulated {Frank and Roth 1986) and
antigen-stimulated mononuclear cells (Lukacs et al 1985) increased
neutrophil cytotoxicity towards heterologous erythrocytes.

An

interferon induced by adenovirus infection augmented granulocyte
med{ated cytotoxicity in chickens (Mandi et al 1987).

Ascorbic acid

enhanced the ingestion of S. aureus by bovine neutrophils (Roth and
Kaeberle 1985).

Extracellular matrix proteins {fibronectin, lamellin

and serum amyloid P component) can enhance phagocytic activity of PMN
(Brown 1986) and the effect is mediated through cell surface
receptors for these molecules.

Hyaluronic acid, however, stimulated

phagocytosis at low concentrations but not at high concentrations
{Hakansson et al 1980 a and b).
Tissue macrophages are mononuclear phagocytic cells {MN) derived from
bone marrow monocyte precursors in mammals.

A similar origin is

presumed for avian MN, although no monoblasts have been recognised
morphologically in avian marrow (Zinkl 1986).

The committed stem

cell of the neutrophil and monocyte are closely related, sharing a
common precursor, and both respond to the haematopoietic factor GM
CSF (granulocyte macrophage-colony stimulating factor) and
interleukin 3 (multi-CSF) (Metcalf 1988}.

Monocyte production time

is less than 2 days and there is species variation in the degree of

!
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marrow reserve of monocytes (Jain 198Gb).

Monocyte circulation time

in different animal species varies from 8 hours to 2 days (average 20
hours).

Monocytes migrate into tissues and differentiate into

macrophages which develop different chemical, ultrastructural and
antigenic features in each tissue (Nibbering et al 1987).

Fixed

macrophages are found in the liver (Kupffer cells), splenic sinuses,
bone marrow, lymph nodes and lamina propria of the gastrointestinal
tract.

Free macrophages are found in the major body cavities,

synovial cavities, alveolar spaces and at inflammatory sites.
Collectively, this heterogeneous group of cells constitutes the
mononuclear phagocytic system of the body.

Their lifespan is

relatively long, from several weeks to years (Jain 198Gb), making them
desirable hosts for intracellular parasites.

Although these cells do

not normally divide in tissues, under certain circumstances some may
proliferate locally (Jain 1986b).

One such stimulatory event may be

the scavenging of effete PMN and other cell debris by MN (Yui and
Yamazaki 1986).
In culture, chicken and mammalian peripheral blood monocytes have
been shown to develop into macrophages, epitheloid cells and
multinucleate giant cells (Sutton and Weiss 1966; Mariano et al 1976;
Grecchi et al 1980).

Peripheral blood monocytes of the chicken are

similar to their mammalian counterpart, and are approximately 12 µm
in diameter (Hodges 1971).

In culture, chicken MN express Fe

receptors for IgG in an age-dependent manner (Grecchi et al 1980).
Bone marrow macrophages from chickens express receptors for mannose
(Rossi and Himmelhock 1983 and 1985), Fe and C3 (Gazzola et al 1979),
while circulating blood monocytes demonstrate 1,25 dihydroxy-vitamin
D3 receptors (Merke et al 1986).

Class II major histocompatibility

complex antigen (Ia) has been demonstrated on chicken macrophages,
but not heterophils, and Ia antigen is necessary for effective
antigen presentation to T lymphocytes (Greenfield et al 1988).

Class
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I major histocompatibility complex (MHC) antigen has also been
detected on chicken peripheral blood macrophages (Vainio et al 1983).
MN function in their various tissue locations as the primary line of
defence against invading organisms.

They are particularly important

in defence against intracellular organisms such as fungi, protozoa
and viruses (Mogensen 1984).

Multiple fungicidal mechanisms have

been found to operate in normal monocytes (Lehrer 1975}.

Successful

phagocytosis by chicken MN of a variety of organisms and compounds
has been described by Chang and Hamilton {1979), Haffer and Sevoian
(1979) and Grecchi et al (1980).

MN exhibit non-specific phagocytosis

of debris, effete cells and other foreign material.

MN are secretory

cells and are known to generate up to 32 different products (Mims
1982).

They secrete a wide array of monokines which possess diverse

regulatory and protective roles in the host�-- Some monokines regulate
haemopoiesis and monocytopoiesis itself (Sluiter et al 1987); some
regulate the immune response and play a role-in antigen presentation
to the T lymphocytes; some demonstrate both direct and antibody
dependent cytotoxicity against tumour cells, heterologous
erythrocytes and other cells (van der Valk and Herman 1987).

Other

secretory products of MN include interleukins, tumour necrosis
factor, basic fibroblast growth factor (these factors are stimulated
by GM-CSF), arachidonic acid metabolites1 leukotrienes, fibronectin,
complement components, lysozyme, neutral proteases, elastase, acid
lysosomal hydrolase, collagenase and alpha interferon {Leslie 1984;
Seljelid 1987).
(Seljelid 1987).

MN also play a role in coagulation and fibrinolysis
The secretion of oxygen radicals and peroxides by

MN may be the mechanism of their cytotoxicity: cytotoxicity is
considered to be a multistep process involving the stimulation of
effector cells (MN) by gamma interferon and possibly by a second
lymphokine (Seljelid 1987).

In studies of human MN, cytotoxicity of

alveolar macrophages was enhanced by surface active material from
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alveoli, indicating an immunoregulatory function of this fluid
(Baughman et al 1987).

In studies of chicken MN, antibody-dependent

cytotoxicity has been enhanced by the addition of human adenovirus
(Mandi et al 1982) and chicken interferon (Mandi et al 1984).
Separate genetic control has been demonstrated for MN phagocytic
activity and MN metabolic activity in mice (Mouton and Biozzi 1984).
Using the same mouse model, an inverse correlation between the
capacity for antibody production and the bactericidal or
bacteriostatic power of MN was demonstrated by the survival of mice
following challenge infections with the intracellular parasite
Salmonella typhimurium (Mouton and Biozzi 1984).

The function of MN

is known to vary with their tissue of origin (Morgensen 1984) and
monocytes of peripheral blood origin function differently to tissue
MN in their capacity to kill organisms (Groopman and Golde 1983).
The intracellular survival of S. typhimurium from mice was found to
vary with the tissue of origin of the MN; the organism survived and
proliferated in MN of splenic and bone marrow origin but was killed
in peritoneal MN (Buchmeier and Heffron 1989).
Malfunctions of phagocytic cells may increase the susceptibility of
animals to recurrent infections, or to infections with organisms
which are not frequently pathogenic; malfunctions of MN may give rise
to infections of facultative intracellular parasites and fungi
(Lehrer 1975; Campa 1984).

Defects of the phagocytic function of PMN

and MN may be inherited or acquired disorders.

Inherited phagocytic

defects of PMN and MN can occur in chronic granulomatous disease of
childhood, Job's syndrome, Chediak-Higashi disease, and complement
deficiencies (Boxer and Stossel 1983).

PMN from patients with

chronic granulomatous disease show markedly reduced bactericidal
activity against S. aureus but not against hydrogen peroxide
producing bacteria (Quie 1976); the nature of the genetic defect is

15

complex and the affected PMN show reduced superoxide production and a
sex-linked deficiency of glutathione peroxidase (Quie 1976; Boxer and
Stossel 1983).

A deficiency of myeloperoxidase has been associated

with chronic fungal (Candida) infections in man (Lehrer et al 1969)
but a similar natural deficiency of this enzyme does not impede
microbicidal activity in chickens (Brune et al 1972}.

In man, this

condition can be both genetic and acquired, the latter being
associated with myeloproliferative disease (Boxer and Stossel 1983).
Human neonates have very low levels of myeloperoxidase in PMN
compared to adults and this deficiency may contribute to the reduced
bactericidal activity by PMN in-neonates (Rider et al 1988).

Age and

immunological naivety of neutrophils also may affect their function;
significantly decreased functions have been detected in young foals
(Coignoul et al 1984) and neonatal humans (Quie and Mills 1979),
while greater ingestion of bacteria was found to be achieved by PMN
from calves than by those from mature cattle (Hauser et al 1986).
Nutritional deficiencies, including selenium and copper (Boyne and
Arthur 1981), iron {Prasad 1979) and pyridoxine {van Bijsterveld
1971} may also be associated with reduced phagocytic function.

Other

conditions which may induce acquired defects 9f PMN function include
disease states such as uraemia, diabetes mellitus, various
leukaemias, Hodgkin's disease, excessive _IgE production and the
administration of drugs such as steroids, colchicine, tetracycline,
chloramphenicol {Quie 1976; van der Valk and Herman 1987} and non
steroidal anti-inflammatory drugs; the latter reduce PMN locomotion
{Spisani et al 1979).
Disorders which alter MN function to the exclusion of other
phagocytic cells are rare.

Defective MN function is described in

patients with various immunodeficiencies including the inherited
Wiskott-Aldrich syndrome, systemic lupus erythematosus, human
immunodeficiency virus patients with Kaposi sarcoma; in chronic

i
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mucocutaneous candidiasis; in tobacco smokers and in some post
infectious states (Lichtman 1983; van der Valk and Herman 1987).
Phagocytic disorders associated with viral infections also occur and
are described below in section C.
b)

Steps in Phagocytosis

Complex chemical and cellular reactions are responsible for bringing
the phagocytic cells out of circulation and into direct contact with
the foreign particles, resulting ultimately in the destruction of the
invading organisms.

The phagocytic process of granulocytes and

macrophages can be considered as occurring in a number of stages:

1.

1.

margination and adhesion

2.

migration and chemotaxis

3.

recognition and opsonisation

4.

ingestion - attachment and phagolysosome fusion

5.

intracellular killing and degranulation

Margination and adhesion.

Margination of phagocytic cells along

capillary endothelial surfaces and their adhesion_-t9 these surfaces
requires functional surface glycoproteins.

Specific deficiencies of

glycoprotein 110 (Crowley et al 1980) and glycoprotein 150 (Arnaout
et al 1982) in PMN have been described in human patients with reduced
neutrophil adhesion and increased susceptibility to pyogenic
infections.

The margination and emigration of leukocytes to tissues

have been reviewed by Colditz (1985).
2.

Migration and chemotaxis.

PMN exit the circulation through

spaces between vascular endothelial cells and migrate actively into
the tissues (Martin 1987).

In inflammation, complement fragments

(C3a and C5a) stimulate vasoactive amines, kinins and prostaglandins,

!
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which increase vascular permeability (Easmon 1984) although PMN
migration is probably independent of vascular permeability (Martin
1987).

Movement of PMN into tissues is along chemotactic gradients

(Leslie 1984).

The chemotaxins include bacterial phospholipids and

peptides, kallikrein, plasminogen activator, the complement component
C5a, specific lymphokines, some prostaglandins (Till et al 1979) and
the synthetic tripeptide formyl-methionyl-leucyl-phenylalanine
(FMLP), an analogue of a bacterial product (McCall et al 1979; Leslie
1984).

The presence of specific surface receptors for FMLP and C5a

have been established in PMN and MN for some mammalian species
(Williams et al 1977; Chenoweth et al 1982), although heterogeneity
exists for the expression of FMLP receptors in human peripheral PMN
(Fletcher and Seligman 1986).
Divalent cation-sensitive adenosine triphosphatase contractile
proteins and microtubules are important components of the contractile
apparatus of phagocytes and account for their mobility (Stossel
1974a).

Chemotactic factors FMLP and C5a induce the release of

membrane calcium in rabbit PMN, providing direct evidence of
involvement of calcium in trans-membrane signal transduction in PMN
(Naccache et al 1979).

Other studies have supported the role of the

divalent cations calcium and magnesium for optimal PMN aggregation
(Oseas et al 1980).
3.

Recognition and opsonisation.

Recognition of the target of

phagocytosis is dependent on the surface properties of the target,
such as hydrophobicity, mannose receptors or foreign antigens
(Stossel 1974a; Stahl et al 1980).

However, the specific receptors

for the Fe component of IgG and C3 found on the surface of the
phagocytic cell are responsible for the recognition of opsonised
particles (Rabinovitch 1970}.

Expression of these surface receptors

by phagocytic cells can be modulated by various factors including
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peptides from casein (Gattegno et al 1988), changes in intracellular
cyclic nucleotides (cyclic AMP), drugs (levamisole and theophylline)
and hormones such as insulin {Rhodes 1975; Mariano and Malucelli
1980).
Opsonisation of the particle to be phagocytosed involves interaction
of humoral factors with the particle and results in accelerated
phagocytosis (Leslie 1984).

Opsonins include both natural and

specific antibodies, components of the complement system,
particularly C3 and C5 {Woolcock 1979; Quie 1976), components of the
properdin pathway, alpha2 globulins (Stossel et al 1973), tuftsin
{Najjar and Constantoupoulos 1972) and the connective tissue proteins
lamellin and fibronectin (Brown 1986).

While fibronectin was found

to mediate the attachment of S. aureus to human neutrophils it does
not promote the phagocytosis of bacteria by neutrophils (Proctor et
al 1982).

Opsonins and C3b act as ligands which promote the binding

of the particle to the phagocyte via receptors for the Fe component
of lgG and for C3 (Griffin et al 1976).
4.

Ingestion.

Ingestion involves attachment of the particle to the

surface of the phagocyte followed by fusion of the pseudopodic limbs
of the phagocyte to surround the particle and form a phagocytic
vesicle or phagosome (Stossel 1974b).

Attachment proceeds in a

zipper-like manner, with sequential interaction of ligands to surface
receptors (Griffin et al 1976).

The second step in ingestion is the

fusion of the phagosome membrane to lysosomal membranes.

Engulfment

is an energy-dependent process involving glycolysis in neutrophils
and oxidative phosphorylation in alveolar macrophages and requires
the presence of divalent cations, calcium and magnesium, in the
extracellular medium (Stossel 1974b).

The movement of the actomysin

microfilaments is fuelled by the energy released from glycolysis
(Stossel 1974b).

i
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Cell surface Fe receptors for IgG are involved in promoting ingestion
of IgG coated particles, and when Fe receptors are decreased, reduced
Fe-mediated phagocytosis and killing of bacteria by MN results
(Mannhalter et al

1 987).

The C3 receptor has been considered to have

a major role in attachment without stimulating ingestion (Mariano and
Malucelli

1 980),

but observations that erythrocytes bearing IgM and

C3b were avidly ingested by non-specifically activated macrophages
(Bianco et al
ingestion.

1 975)

suggest that the C3 receptor may also promote

MN but not PMN have the capacity to replace surface

receptors {Stossel

1 974b),

and this ability is compatible with their

longevity in tissues compared to PMN.
slowly than PMN {Steigbigel et al
5.

Killing.

MN may ingest particles more

1 974).

Killing of targeted micro-organisms may occur either

within the phago-lysosome following ingestion, or extracellularly,
and involve the release of proteases and various cytotoxic agents
{Leslie 1 984).
independent.

Killing may be oxygen-dependent or oxygenOxygen-independent factors include lysozyme, the acidic

pH of lysosomal contents, cationic proteins, lactoferrin and defensin
molecules (Leslie 1984; Ganz et al 1985).

Oxygen-dependent killing

is indicated by highly reactive and toxic oxygen metabolites
{Halliwell and Gutteridge 1 984), hydrogen peroxide, the hydroxyl
radical, singlet oxygen { 1 o2) and hypohalites (OCl- and OI-) which
are generated following a burst of metabolic activity commencing
with the hexose monophosphate shunt.

The respiratory burst may be

triggered by surface contact {Miller 1 976) of soluble immune
complexes involved in ligand binding, the chemo-attractants C5a and
FMLP (Simchowitz et al 1979) and by specific stimulants such as phorbol
myristate acetate (a croton plant extract) in both PMN and MN (Leslie
1 984),

and is significantly enhanced in immunologically activated MN

{Johnston et al

1 978).

Reduced pyridine dinucleotides {NADH and/or
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NADPH), produced from the hexose monophosphate shunt, react with the
membrane oxidase system to reduce molecular oxygen to the

intermediary product superoxide anion (6 2) (Allen et al 1974), which
is not cytotoxic (Leslie 1984).

Dismutation of the superoxide anion

can occur either spontaneously or be triggered by the enzyme
superoxide dismutase, to form hydrogen peroxide and oxygen or
singlet oxygen (Leslie 1984).
Following lysosomal degranulation, lysosomal enzymes such as
myeloperoxidase catalyse the production of hypohalites and water and
subsequently more singlet oxygen.

The phagocytic cell is protected

from injury from hydrogen peroxide by two reducing enzyme systems,
catalase and the glutathione redox system (Leslie 1984).

Chicken

heterophils, naturally devoid of peroxidase, are unable to produce
hydrogen peroxide for phagocytosis and are also devoid of catalase
containing particles (Breton-Gorius et al 1978).

However, they are

clearly capable of bactericidal activity as demonstrated by Brune et
al (1972).

Other workers have found that the myeloperoxidase-H2o2 halide system can be inhibited with ascorbic acid without loss of
bactericidal function (McCall et al 1971), which supports the
hypothesis that other mechanisms and substances (such as cationic
proteins) are powerful antimicrobials in PMN.
Phagocytosed particles are degraded to the level of monomeric
subcomponents by a wide array of hydrolytic enzymes and are finally
released by diffusion into the local micro-environment (Leslie 1984).
Unlike PMN, MN incompletely degrade phagocytosed micro-organisms
leaving the debris in secondary lysosomes (Stossel 1974b).

!
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B.

ASSESSMENT OF THE FUNCTIONAL ACTIVITY OF PHAGOCYTIC CELLS

There are very few reports of tests to assess phagocytic function in
chickens and these were reviewed in a previous section.

The following

tests of PMN function have been used in mammalian species although it
is possible that some could be adapted for use in avian systems.
1.

Adherence

Several in vitro techniques have been described for the study of
leukocyte adherence.

In vitro adherence of neutrophils correlates

well with their adhesiveness to vascular endothelium (Spagnuolo et al
1980).

Simple procedures involve quantifying the percentage of

neutrophils in a sample which are adherent to glass bead columns
(Schneier et al 1977), and observing the ability of leukocytes to
adhere and spread on a plastic dish (Crowley et al 1980).

A commonly

used method for assaying in vitro adhesiveness of neutrophils is

their adherence to nylon fibre columns, described by MacGregor et al
(1974); a modified microassay of this technique was developed by

Thong and Currell (1983).

Adherence may also be measured on

endothelial monolayers, and the results of this procedure correlate
well with results using nylon fibre columns (MacGregor et_ al 1978).
These in vitro adherence tests have been used to investigate the

effects of anti-inflammatory agents on human and rat neutrophils
(MacGregor et al 1974; Stecher and Chinea 1978), the effect of

viruses (poliovirus, herpes simplex type 1, adenovirus and measles
virus) on PMN adherence to endothelium (MacGregor et al 1980), the
effect of diabetes mellitus in dogs {Latimer and Mahaffey 1984),
salmonellosis in pigs {Smith et al 1981), bovine leukaemia virus
infection in sheep {Walker et al 1987) and to measure the natural
adherence of avian tumour cell lines {Trembicki et al 1984).
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Neutrophil adherence was found to depend on the state of microtubule
assembly within the cell and does not require alterations of cyclic
nucleotides as an intermediary (Boxer et al 1978).

Intrinsic

leukocyte adherence was found to be plasma-independent when normal
plasma was used, but PMN adherence may be augmented by plasma factors
such as activated complement component C5a and this augmented
adherence phenomenon was associated with leukocyte aggregation
(McGillen and Phair 1979).

However, the nature of the culture media

was found to alter the spontaneous adhesiveness of PMN (Keller and
Cottier 1984) suggesting that this factor must be considered in
measuring adherence of PMN.
A number of factors influence leukocyte adherence and these have been
reviewed by Lackie and Smith (1980).

Adhesion is enhanced by

interferon (Seow and Thong 1986), endotoxin {Lackie 1977),
phagocytosed particles (Lackie and Smith 1980) and chemotactic
factors (O'Flaherty et al 1977).

Many factors decrease neutrophil

adhesiveness, including citrate (Pfister et al 1988).
2.

Locomotion and migration

The earliest technique for monitoring PMN locomotion recorded
leukocyte progression through a homogeneous fibrin gel on a slide,
using time-lapse cinematography (Harris 1953).

Subsequently, time

lapse videotape recordings have been used for monitoring PMN

An in vivo method to

migration from clot preparations (Howard 1982).

study leukocyte (MN and PMN) migration towards injured tissue was
first developed using the Rebuck skin window (Rebuck and Crowley
1955) and involved fixing a sterile glass coverslip to an abraded
area of skin.

The method proved difficult to standardise and

hazardous, with problems of secondary infection (Thompson 1988).

I
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The above techniques have been superseded by in vitro techniques

which measure random (chemokinetic) or directional (chemotactic)
movement of a suspension of purified leukocytes.

In the latter case,

leukocytes are exposed to a chemo-attractant (or chemotaxin) such as
zymosan (derived from yeast Saccharomyces cerevisiae), complement,
casein or FMLP (van der Valk and Herman 1987), leukotriene B4 or
interleukin-1 (Maloff et al 1988).

The cells are separated from the

chemotaxin by a "barrier", and the distance travelled by the
leukocyte during a specified time is measured.

The Boyden chamber

(Boyden 1962) is a frequently used method in which a micropore filter
separates cells, and the number of cells passing through the filter
is counted.

The procedure was modified by Zigmond and Hirsch (1973)

to count the "front" of advancing cells onto the filter: these
workers also described a direct microscopic method, observing the
polarity of the moving cells.

To overcome possible errors due to

gravity, Park (1980) further modified the Boyden chamber method.
Other changes were developed by Maderazo and Woronick (1978) and the
number of modifications which have been reported indicate there are
a number of problems associated with this technique.

Chromium 51 -

labelled PMN may also be used in this system, and this method has
been particularly useful in the study of the kinetics of chemotaxis
(Miller 1976).
Another method of measuring leukocyte chemotaxis under agarose was
described by Nelson et al (197 5).

This procedure is simple and can

also be used for monocytes or neutrophils.

Cells and chemo

attractants are applied to separate wells in the agarose, and the
distance travelled is measured.

Migratory patterns of cells

approaching a chemo-attractant may be rocket-shaped or blunt, whereas
random migration will produce an evenly distributed, circular
pattern.

Chenoweth et al (1979) modified the procedure using

gelatin, and stated that neither serum or albumin was required.

A
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modification of the agarose method was described for mixed leukocyte
preparations from avian blood by Gilliland et al (1982).
A third method of measuring chemotaxis is the "leading front"
procedure, in which a vertical capillary tube or test tube containing
leukocytes is separated from the chemo-attractant by a filter.
Following incubation, the distance between the frontline of advancing
cells and their starting point can be used as an index of chemotaxis
(Wilkinson 1974).
The degree of chemotaxis of PMN varies between species, and this was
demonstrated by Smith et al (1985) in a comparison of leukocyte
functions from pigs and horses.
3.

Phagocytic activity

The basic ability to engulf particles is a characteristic feature of
PMN and MN.

Assays which have been developed to monitor phagocytic

activity include:
a)

counting phagocytosed particles which are either in or on the
cell (cell-associated particles} by light microscopy.

b)

counting the number of free bacteria (or particles) in the
supernatant before and after phagocytosis.

c)

counting the number of viable organisms released from ruptured
phagocytes (following sonication or lysis).

d)

measuring the uptake by phagocytes of isotopically-labelled
bacteria.

MacFarlane and Herzberg (1984) described a method of concurrently
discriminating between adhesion and ingestion of S. aureus by human
PMN: the two events could be distinguished by carefully observing the
plane of focus of the organisms within the cell under light
microscopy at high particle to cell ratios.

Flow cytometry
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techniques have also been described for the rapid measurement of
phagocytosis using whole blood and eliminating the need for cell
separation prior to the phagocytic function tests (Hed et al 1987).
Theoretically, the best correlation of in vitro tests with in vivo

activity is the direct uptake of phagocytosed particles rather than
measuring the non-cell-associated particles remaining after the
phagocytic process {Miller 1976).

Simple phagocytosis has been

monitored by microscopic observation of the uptake of particles such
as oil, lipopolysaccharide, erythrocytes, yeasts, bacteria, zymosan
{Stossel 1973) or polystyrene beads with or without a fluorescent
label (Dunn et al 1983; Virmani et al 1983).

The uptake of

aminoacridine fluorescent markers was not considered a reliable
measure of phagocytosis because they are readily diffusable (Goren et
al 1984).

The use of radioisotopes in phagocytosis allows for more

replicate assays which may increase the accuracy of the phagocytosis
measurement (Yamamura et al 1977) and these procedures have shown a
coefficient of variation as low as 2% (Dulin et al 1984).

Non-specific phagocytosis is measured by the uptake of non-opsonised
particles, but phagocytosis is most efficient if the particles are
first opsonised by IgG or complement.

The expression of surface

receptors for C3 and Fe components by a phagocyte can be monitored by
assessing the uptake of heterologous erythrocytes labelled with
complement or IgG (Bianco et al 1975; Mariano and Malucelli 1980).
Live organisms were found to be much more rapidly phagocytosed than
heat-killed bacteria (DeChatelet et al 1974).

Other factors which

were found to significantly influence in vitro phagocytosis by
neutrophils of S. aureus and yeasts include temperature and sample
handling time, shaking speed during in vitro incubation, particle

concentration, leuko-agglutination, leukocyte concentration and the
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method used to count the micro-organisms on the smear (Guidry et al
1974; Paape and Pearson 1979).
4.

Intracellular killing

A direct measure of the ability of PMN to kill organisms can involve
assaying the viability of the phagocytosed organisms by culture,
live-dead stains, or their ability to synthesise DNA using
radioisotope-labelled nucleotides.

The fungicidal activity of PMN is

most frequently measured using Candida albicans (Lehrer and Cline
19 6 9) and bactericidal activity using
Williams et al 1985).

s.

aureus (Cohn and Morse 1959;

The viability of S. aureus may be measured by

the incorporation of 3H-thymidine by the bacteria (White and Walker

1981) or by culture in agar plates (Cohn and Morse 1959).

Because

some S. aureus organisms may remain viable within the phagocyte
(Rogers and Tompsett 1952, Shayegani and Kapral 1962), lysis of the
phagocytosing cell prior to culture is necessary to detect all viable
bacteria.

Extracellular bacteria may be eliminated by differential

centrifugation (followed by washing the cells) or by the addition of
bactericidal antibiotics, although the latter may penetrate
neutrophils (Miller 197 6 ).

The use of lysostaphin has been

recommended to remove non-phagocytosed staphylococci, but it has been
found to also penetrate PMN by a temperature-dependent process and
kill ingested S. aureus intracellularly, and appears unreliable for
use in assays to detect intracellular killing of staphylococci (van
den Broek et al 1982}.
In a micromethod for the evaluation of intracellular killing of bacteria
by phagocytes, Marodi et al (1983) specified the need for a phagocytic
cell concentration of 5 x 10 6 /ml and a bacteria to cell ratio between
5:1 and 1:1.

If bacterial numbers greatly exceeded cell numbers,

bacterial killing could not be effectively measured as bacterial
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proliferation outstripped the rate of bacterial destruction.

5.

Respiratory burst

The killing of ingested micro-organisms is associated with the
generation of a series of biochemical reactions collectively referred
to as the respiratory burst, and many tests are available to measure
aspects of this metabolic activity.

The respiratory burst includes

increased oxidation of glucose via the hexose monophosphate shunt,
increased uptake of molecular oxygen and the conversion of this
oxygen into superoxide {o2-) and other reactive oxygen metabolites
(Elferink 1984). While it is assumed that a sensitive and precise
relationship exists between the metabolic event and quantitative
phagocytic uptake, the metabolic events may be triggered by contact
of the particle to be ingested with the cell membrane, and therefore
these tests do not distinguish particle adherence and particle
ingestion (Miller 1976).
Both direct and indirect methods have been described for measuring
these biochemical reactions involved in the respiratory burst.
Examples of direct assays are measurements of the hexose
monophosphate shunt activity, glycolysis, oxygen consumption, glucose
oxidation using 14c transfer (Krausslich et al 1974) and the
generation of hydrogen peroxide (Thurman et al 1972) and superoxide
radicals (Ohmann and Babiuk 1984).

Indirect methods include

chemiluminescence and nitroblue tetrazolium reduction.

The

phenomenon of chemiluminescence (Allen et al 1972) is correlated with
activity of the hexose monophosphate shunt (Miller 1976); in
principle, a weak photo-emission occurs when oxygen radicals are
formed and this emission may be measured using a liquid scintillation
spectrometer (Roth and Kaeberle 1981).

Stimulated MN also respond
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with emission of photons in the presence of luminol (Falck 1984).
Flow cytometry also may be used to measure the kinetics of this
emission (Martin and Schwartzendruber 1980).
Nitroblue tetrazolium reduction is a frequently used screening test
in which the colourless dye is oxidised by superoxide and other
oxidising molecules in the leukocyte to a black formazan pigment
{Baehner and Nathan 1968; Park et al 1968), which may be recognised
by a variety of methods:

(a) microscopically on a slide, in cells

which form oxygen radicals;

{b) in a test tube, noting a colour

change of the supernate to grey or purple;

(c) spectrophoto

metrically, in a test in which the formazan pigment is extracted with
pyridine and measured at 515nm {Miller 1976);

(d) by a fluorescence

method using flow cytometry to measure the fluorescence of oxidised
tetrazolium compounds (van der Valk and Herman 1987).

Alternatively,

cytochrome C reduction may be measured (Babier et al 1973), but this
was thought to indicate only extracellularly released superoxide
whereas NBT reduction reflects both extracellular superoxide and
other oxidising molecules (Elferink 1984).
Other metabolic assays of PMN killing include the iodination test,
and this is commonly used as a screening test (Pincus and Klebanoff
1971; Simmons and Karnovsky 1973).

In this assay, radioactive

inorganic sodium iodide is fixed to the phagocytosed particle by
myeloperoxidase in the presence of H2o2. Counts of radioactivity
remaining in the reaction mixture are compared to a standard. The
procedure detects defects in peroxide production (Miller 1976).
Agents such as sodium azide, cyanide or other metabolic inhibitors
block the respiratory burst and reduce intracellular killing, and so
should not be used in the functional assays.

!
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6.

Other assays of PMN function

Continued protein synthesis is necessary to maintain PMN function at full
capacity as puromycin was found to inhibit the bactericidal activity
of human PMN (Kasprisin and Harris 1977).

The uptake of amino acids

labelled with radioisotopes can therefore be used as a measure of
protein synthesis in phagocytic cells (Sbarra and Karnovsky 1960).
The enzyme activity of PMN and MN may be measured following
degranulation by a stimulating agent such as phorbyl myristate
acetate or opsonised zymosan.

Enzymes measured include alkaline

phosphatase (Atwal and McFarland 1967), lysozyme (Osserman and Lawlor
1966), peroxidase, beta-glucuronidase (Rausch and Moore 1975) and
superoxide dismutase (Easmon et al 1980).
Another function of these PMN and MN cells, unrelated to their
phagocytic activity but associated with their destructive effects, is
antibody-dependent cytotoxicity, which may be measured by viability
stains or release of 51chromium from labelled target cells (Maddux
and Keeton 1987).
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C:

MODULATION OF PHAGOCYTIC CELL FUNCTIONS BY VIRAL INFECTIONS

Both in vivo and in vitro studies have demonstrated altered functions
of the phagocytic components of the immune system associated with
infection by a number of viruses including cytomegalovirus {CMV),
influenza virus, parainfluenza virus type 3 {PI-3) and infectious bovine
rhinotracheitis virus (Mills 1984; Briggs et al 1988) and bovine
leukaemia virus (Walker et al 1987). The mechanisms of interaction
of viral-infected cells and the host's immune system are not simple
and viruses do not have to replicate in a particular cell to induce
an altered effect (Mogensen 1984).

Interference can be direct or

indirect, and can affect both the humeral and cellular components of
the immune system including B and T lymphocytes, mononuclear
phagocytes (MN) and polymorphonuclear leukocytes {PMN) and may result
in an increased susceptibility to secondary bacterial infections.
Direct effects of viral infection on phagocytic function may be
caused by viral attachment or invasion of a cell {e.g. lactate
dehydrogenase virus and Aleutian disease virus of mink preferentially
infect MN), or by the action of soluble or insoluble viral products
which may result in cell death or functional impairment (e.g. early
viral protein synthesis in cytomegalovirus infection in MN is
sufficient to cause MN dysfunction) (Shanley and Pesanti 1982).
Indirect effects may result from host cellular responses with the
production of cytokines, interferon, interleukins, prostaglandin E,
immune complexes, excessive antibody production as in Aleutian
disease of mink and feline infectious peritonitis, high cortisol levels
and fever {Briggs et al 1988).
Viral replication in PMN has not been detected (Mogensen 1984) but
both influenza A virus (Abramson et al 1982; Debets-Ossenknopp et al
1982) and cytomegalovirus (CMV} (Bale et al 1985) have been shown to
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attach to cell membranes of PMN and become internalised within
phagosomes, causing altered PMN function.

Influenza A virus caused

reduced chemotaxis in PMN and MN (Kleinerman et al 1974; Martin et al
1981), induced chemiluminescence, neutrophil aggregation and
degranulation, and diminished phagocytic activity in PMN (Henricks et
al 1985).

Cytomegalovirus-infected PMN of murine origin showed both

reduced chemotaxis and phagocytic activity (Bale et al 1985).
The chemotactic response of human PMN has been shown to be inhibited
by measles virus, respiratory syncytial virus, mumps virus, influenza

virus, varicella-zoster virus and CMV (Park et al 1977).

The

chemotactic response of MN has been inhibited by herpes simplex virus
but not by vaccina virus, poliomyelitis virus or reovirus (Kleinerman
et al 1974).

Patients with measles and recurrent herpes simplex

infections have also shown defective chemotaxis of PMN (Mogensen
1984).

The mechanism by which viruses interfere with chemotaxis is

thought to be via direct interaction with the cell surface (Mogensen
1984).

In vitro studies of the adherence of PMN to endothelial

monolayers infected with some viruses (measles virus, adenovirus,
herpes simplex type 1 and poliovirus) have demonstrated enhanced PMN
adherence, suggesting that this phenomenon contributes to the
development of vasculitis in patients infected with these viruses
(MacGregor 1980).
Viral infection of ruminants has been shown to modify the function o�-
phagocytic cells in infected animals.

Sheep experimentally infected

with bovine leukaemia virus demonstrated enhanced neutrophil

adherence, chemotaxis and resting oxygen consumption at various
intervals following infection (Walker et al 1987).

However, PMN from

cats infected with feline leukemia virus demonstrated a lower
chemiluminscent response than PMN from normal age-matched control
cats (Lewis et al 1986).

The peripheral blood neutrophils from
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calves infected with IBR virus and PI-3 virus showed altered function
which may have been induced directly or indirectly (Briggs et al
1988).

IBR virus induced leukopaenia and monocyte depletion, and

reduced PMN random migration but enhanced ingestion of S. aureus.

Infection with PI�3 virus in calves resulted in a febile response,
normal leukocyte numbers and reduced chemiluminescence and iodination
activities of their PMN (Briggs et al 1988}.
Vaccination with live virus may also interfere with phagocytic cell
function.

Immunisation with a modified live strain of bovine virus

diarrhoea virus has been shown to reduce iodination activity of PMN
{Roth and Kaeberle 1983), and vaccination with live influenza virus
caused reduced chemotaxis of PMN (Baum and Douglas 1979).
Alterations in MN function associated with viral infections are
protean, and in contrast to infected PMN cells, the viruses may cause
latent or persistent infection of these cells as well as cytolytic
infections.

As MN have a longer life span compared to PMN,

persistent viral infection in MN are likely to cause long-term
consequences to the patient.

Much work has centered on pulmonary

alveolar MN and respiratory viruses of mice, CMV, Sendai virus and
influenza A virus (Mills 1979; Mogensen 1984).

Changes in MN

receptors, phagocytosis, oxidative metabolism, phago-lysosome fusion
and microbicidal activities have been studied, and although depressed
functions have been usually observed, no effect or even enhanced
activity has been found {Morahan et al 1985).

These variable results

may relate to different populations or tissue sources of MN, degree
of maturation of MN and the virus studied (Morahan et al 1985).
Studies of the effect of influenza A virus infection on murine
pulmonary alveolar MN have shown that protein synthesis in the host
cell is inhibited at 5 to 6 hours post-infection, and there is a
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three-fold reduction in the number of cells bearing complement
receptors (Nowakowski 1985).

It was also found that the origin of

the MN studied is important in infection with influenza virus, as 90%

of the alveolar MN expressed viral haemagglutinin compared to only
30% of the peritoneal MN (Nowakowski 1985}.

A reduction in the number of Fe receptors and subsequently reduced Fe
receptor-related ingestion by murine alveolar MN have been shown with
Sendai virus infection (Warr et al 1979).

This virus was

unequivocally demonstrated to inhibit phago-lysosome fusion in murine
pulmonary alveolar MN (Jakab et al 1980) and this was considered to
be the mechanism responsible for the defect in bacterial killing
described by Jakab and Green (1976) in infected mice.
Bovine pulmonary alveolar MN infected with PI-3 virus were much less
adherent, had reduced phagocytosis of antibody-coated erythrocytes
(therefore with reduced Fe receptors) and reduced levels of acid
phosphatase compared to uninfected cells (Liggitt et al 1985).

These

same cells, however, showed normal phagocytosis of latex particles
(Liggitt et al 1985).

Some of these findings were supported by

Slauson et al {1987) who described a depressed phagocytosis of
opsonised latex particles by alveolar MN from PI-3 virus-infected
calves but normal acid phosphatase and beta-glucuronidase activity.
The mechanism for the selective inhibition of phagocytic function was
not elucidated but may be related to MN surface receptors.
In studies with PI-3 virus and secondary infection with Pasteurella
haemolytica in lambs, Davies et al (1986} found a reduced oxygen
independent bactericidal activity in pulmonary alveolar MN, 6 days
after PI-3 virus infection.

However, the defect was considered

insufficient to account for the overwhelming proliferation of
bacteria observed in the infected lungs and it was suggested that
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defects in the extracellular bactericidal mechanisms and physical
removal of particles may be involved in the pathogenesis of such
secondary bacterial infections (Davies et al 1986).

The physical

removal of particles by the mucociliary transport mechanism, however,
is thought to play only a minor role in the pulmonary clearing
process: immunofluorescent studies have shown the phagocytic activity
of alveolar MN constitutes the main clearance mechanism in the lung
(Green and Kass 1964).
Some of the indirect effects of viral infection on phagocytic cells
is mediated by interferon.

Interferon induced by herpes simplex

virus has been shown to produce MN lysis in genetically sensitive
strains of mice {Domke-Opitz et al 1987).

Recombinant mouse

interferon induced a ten-fold increase in the number of complement
receptor-positive murine alveolar MN (Nowakowski 1985).

Recombinant

bovine alpha and gamma interferon causes decreased PMN migration,
increased oxygen generation of PMN and increased PMN-mediated
antibody-dependent and antibody-independent cytotoxicity in bovine
leukocytes (Ohmann and Babiuk 1986; Steinbeck et al 1986).

The

addition of antiviral antibody into macrophage cultures infected with
Sendai virus (parainfluenza virus I) was found to significantly
impair their intracellular killing ability (Jakab and Warr 1981),
thereby supporting the concept that the immune response of the host
to the virus is responsible for the MN dysfunction found.
Viral infections can influence immunoregulation in other ways.

MN

infected with CMV, influenza virus, Sendai virus or poliovirus are
suppressive for some lymphocyte responses and lactate dehydrogenase
virus infection in mice interferes with the antigen presentation
function of MN (Morahan et al 1985).

There are many other examples

of viral interference with the immune system which have been reviewed·
by Sissons and Borysiewicz {1985): human immunodeficiency virus and
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feline leukaemia virus are classical examples.

Canine distemper

virus has recently been shown to alter the secretion of cytokines by
MN, causing decreased interleukin-1 production and increased
prostaglandin E2 release (Krakowka 1987}; both these substances can
influence phagocytic function. Inhibited MN proliferation was.
demonstrated in cultured MN infected with Pichinde virus, lymphocyte
choriomeningitis virus and Newcastle disease virus in response to
colony stimulating factor.

In another study, mice infected with

either Sendai virus or mouse hepatitis virus showed impaired wound
healing which could be overcome by local administration of MN
stimulating agents (Morahan et al 1985).
Very little work has been done on the consequences of viral
infections on phagocytic functions in chickens.

In a study by

Santivatr et al (1981) a temporary decrease in phagocytosis of
opsonised S. aureus by peripheral blood mononuclear leukocytes was
shown in chickens infected with infectious bursal disease virus.
Cao (1984) showed that treating chickens infected with infectious
bursal disease virus with leukocyte interferon resulted in reduced
severity of lesions in the bursae.

Infection of cultured chicken

macrophages by this virus produced a reduced cytostatic effect on T
lymphoblastoid cells compared to that of lymphokine-activated MN
(Billow et al 1984).

Weiler and Bulow (1987) found that phagocytosis

of Candida albicans by cultured chicken macrophages was enhanced by
cytokines released from cultured chicken embryo fibroblasts, chicken
kidney cells and bone marrow-derived macrophages.
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D.

AVIAN STAPHYLOCOCCAL INFECTIONS

(a) Characteristics of Staphylococcus species
Staphylococci are Gram-positive cocci, characteristically occurring
in grape-like clusters, but can be single or in pairs.

They are

aerobic, and facultatively anaerobic, catalase positive, non motile,
non-spore-forming and fermentative (Carter 1986).

The principal

pathogen is S. aureus, but other species can also pathogenic to
domestic animals, including S. intermedius in dogs, S. hyicus in
pigs, S. saprophyticus, S. hyicus and S. gallinarum in poultry, S.
caprae in goats and S. epidermidis on the skin of several species
(Sato et al 1972; Cohen 1987).

The latter three species are

coagulase negative (Kloos and Schleifer 1986), suggesting that the
characteristic presence of coagulase, as found in the other
staphylococcal species, is not essential for virulence in these
species.

S. hyicus has a delayed coagulase response to rabbit

plasma,-does not produce clumping factor {bound coagulase) {Kloos and
Schleifer 1986), and has a strong deoxyribonuclease plate reaction
(Devriese 1977).
In culture, S. aureus produces smooth, glistening and round colonies
up to 4 mm in diameter, which are either white or pigmented gold or
lemon.

A double zone of haemolysis on blood agar plates is common

with animal strains of S. aureus, producing a central clear zone
surrounded by a zone of partial haemolysis (Carter 1986).

S.

hyicus colonies are low convex, glistening and opaque. S. hyicus
subspecies hyicus does not produce pigment, but strains of S. hyicus
subspecies chromogenes are pigmented.

Haemolysins are not produced

by S. hyicus.
Most staphylococci grow in media containing sodium chloride at
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concentrations of 10% to 15% and in bile salts of concentrations up
to 40% (Youmans 1975).

They require an organic nitrogen source and B

group vitamins (Kloos and Schleifer 1986).
S. aureus produces acid by fermentation of mannitol, mannose,
maltose, sucrose, trehalose, lactose, galactose, ribose, fructose and
turanose and both D and L isomers of lactate are produced by glucose
fermentation.

S. aureus produces acetoin, reduces nitrate, and

contains hyaluronidase, deoxyribonuclease, a heat-stable nuclease,
beta glucosidase, alkaline phosphatase, arginine dihydrolase, urease
and fibrinolysin (Kloos and Schleifer 1986).

S. hyicus is a

facultative anaerobe and produces a catalase which is immunologically
distinct from that of S. aureus.

S. hyicus produces the L isomer of

lactose from glucose fermentation, does not produce acetoin and
produces acid aerobically and anaerobically from glucose.

Acid is

produced aerobically from glycerol, mannitol, mannose, sucrose,
trehalose, lactose, galactose, ribose and fructose.

S. hyicus can

reduce nitrate, but there are subspecies differences in the content
of hyaluronic acid and in the ability to reduce other sugars (Sneath
et al 1986).
The cell membranes of staphylococci contain glycolipids, mono- and
di-glucosyl diglyceride, cholesterol and the phospholids lysyl
phosphatidyl glycerol, phosphatidyl glycerol and cardiolipin (Kloos
and Schleifer 1986).

The cell wall of S. aureus contains N

acetylglucosaminyl ribitol teichoic acid, whereas S. hyicus and S.
epidermidis contain glycerol teichoic acid (Cohen 1987).

Detection

of teichoic acid antigens may be used to identify an isolate (Youmans
1975).

The teichoic acid component of the bacterial cell wall was

reported to mediate staphylococcal adherence to host tissue (Aly et
al 1980).

!
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A substantial number of products or biochemical components of these
organisms contribute to their virulence.

These include antigenically

distinct haemolysins (alpha, beta, gamma and delta haemolysins) of
which the alpha haemolysin is a pore-forming toxin and is also
cytotoxic to endothelial cells (Vann and Proctor 1988) and the beta
toxin is a sphingomyelinase C (Wilkinson 1975), a leukocidin which
lyses leukocytes, a dermonecrotoxin, a lethal toxin which produces
rapid fatalities in mice and rabbits, an exfoliative toxin (some
strains}, enterotoxins which are responsible for most immediate food
poisonings occurring within 4 hours after ingestion of contaminated
food, staphylokinase which is a weak fibrinolysin, hyaluronidase or
spreading factor, lipase and protein A (Carter 1986}.

Protein A is a

surface component which binds to the Fe portion of IgG molecules,
thereby interfering with the function of ligands (Mims 1982).

A

clumping factor which can be detected in the slide "coagulase" test
(Carter 1986}·, is reported to have a close correlation to
pathogenicity for avian strains of staphylococci (Gerlach 1986).
Other staphylococcal products such as coagulase and nuclease are
currently of doubtful importance as virulence factors {Carter 1986)
although coagulase was originally credited to be highly correlated
with virulence (Youmans 1975).

Some strains produce antibiotic-like

substances described as staphylococcins or bacteriocins {Kloos and
Schleifer 1986), while others produce penicillinase (Youmans 1975).
The staphylococci commonly infect a wide range of animal species as
commensals and in association with disease.

In man, S. aureus is

often found as a commensal organism on the skin, nasal passages and
axillary regions.

They are resistant and can survive in dried pus

for weeks, while some strains can tolerate temperatures of 60 ° c for
30 minutes {Carter 1986).

Despite their prevalence and virulence,

staphylococcal infections occur primarily in patients with lowered
host resistance {Youmans 1975).

This is exemplified by a greater
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frequency of disease in hospitalised patients, in the newborn and in
immunocompromised patients (Youmans 1975).

S. aureus is harboured by

20% to 75% of people, who may be classified as persistent, occasional
or intermittent carriers, while those individuals with efficient
immune mechanisms are less apt to be persistent carriers (Youmans
1975).

Factors known to predispose a patient to staphylococcal

infections include prior viral infections, skin injury, leukocyte
defects, presence of internal foreign bodies, prior antibiotic
therapy, deficiencies in cellular and humeral immunity and
miscellaneous illness such as diabetes mellitus, uraemia and
malignancies (Schulman and Nahmias 1972).

In a study of poultry with

tenosynovitis, Kibenge et al (1982a) Kibenge et al (1983) concluded
that invasion by S. aureus was subsequent to an initial sub-clinical
reoviral infection.

Similarly, Cervantes et al (1988) found

gangrenous dermatitis associated with S. aureus infection was
secondary to infectious bursal disease virus infection in broiler
chickens.
(b)

Staphylococcal infections in poultry

The diseases associated with S. aureus infection in poultry include
high embryonic mortality and early chick mortality (Barbour and
Nabbut 1982; Gross 1984; Orajaka and Mohan 1985) caused by yolk sac
inflammation and infection (Gerlach 1986), acute septicaemia in
chickens 6 to 10 weeks of age (Beveridge and Hart 1985), chronic
arthritis and synovitis or tenosynovitis (Jungherr and Plastridge
1941; Jungherr 1959; Kibenge et al 1982a; Kibenge et al 1983) in which
the L form or the protoplast of S. aureus may occasionally be found
(Gerlach 1986) and osteomyelitis (Nairn and Watson 1972; Mutalib et
al 1983) where the organism proliferates in the cartilage growth
plates of long bones (Nairn 1973).

Osteomyelitis caused by S.

pyogenes was also reported to occur in the vertebral canal of layer
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hens (Carnaghan 1966).

S. aureus may cause vesicular and gangrenous

dermatitis (Cervantes et al 1988) and "bumblefoot" or pododermatitis
(Nairn and Watson 1972; Gerlach 1986); these three forms of avian
staphylococcal dermatitis are preceded by a triggering factor such as
a primary bacterial or viral infection {avian poxvirus) or traumatic
injury, permitting entry of the bacteria into tissues (Cooper and
Needham 1981; Gerlach 1986; Cervantes

et

al 1988).

The infection may

progress to cause synovitis, arthritis or septicaemia and death
(Freyman

et

al 1982) particularly if infection is from a virulent

strain of S. aureus (Gerlach 1986).
Thirteen staphylococcal species have been demonstrated in birds, of
which three, S. aureus, S. sciuri and S. xylosus are reported to
appear in the highest frequency (Gerlach 1986).

S hyicus has also

been reported in poultry with tenosynovitis {Kibenge 1982).

Human

strains are not apparently pathogenic to birds (Gross 1984) and other
animals (Shimizu 1968) and strains from chickens are not found in
man (Witte

et

al 1977).

Phage typing has been used to define variations in isolates of
S.aureus from chickens.

Kibenge (1982) developed a system of

classification of S. aureus isolates from Australian poultry which
used a combination of phage typing and cultural characteristics, and
was able to differentiate three major groups with nine subgroups.

He

showed that disease outbreaks of tenosynovitis were not associated
with a single type (or ecovar) of S. aureus, and that there was no
evidence of transmission of particular strains from farm to farm.
Similarly, Shimizu (1979) examined S. aureus isolates from Japan and
Europe and found no correlation between phage type and the nature of
infection.

Zierdt et al (1982) found an inverse relationship between

the length of the phage pattern and the pathogenicity of isolates of
S. aureus.

!
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Staphylococcal infections in poultry appear to occur as opportunistic
infections (Kibenge et al 1982a; Kibenge et al 1983; Gross 1984;
Gerlach 1986; Cervantes et al 1988), requiring a primary infection or
injury to trigger bacterial invasion.

There is, however, some

evidence that stress may minimise the severity of S. aureus
infection: Mutalib et al (1983) found that corticosteroid
administration and stress associated with debeaking and feed

restriction reduced the severity of osteomyelitis lesions and delayed

the onset of disease in chickens infected intravenously with S.
aureus; this was considered to be due to increased bacterial
clearance associated with stress-induced peripheral heterophilia.
This appears t6 emphasise the role of heterophils in bacterial
infections.

Similarly, chickens and pigs housed under low levels of

social stress were more susceptible to S. aureus infections than
those housed under relatively more stressful conditions (Larson et al
1985).

Along similar lines, Coates et al (1977) found that pre

treatment of turkeys with Corynebacterium parvum and Pasteurella
multocida acted as "immunostimulants 11 and delayed the onset of
,

clinical expression of synovitis induced by the intravenous injection
of S. aureus.

These workers also f<?;:tnd a gr.eater bactericidal

activity of whole blood in the treated turkeys compared to the
controls.

This effect may have been mediated by heterophilia,

bacterial interference or other serum factors.
Bacterial interference was suggested by Nicoll and Jensen {1987b) to
explain results which indicated that prior administration of an
avirulent strain of S. epidermidis interfered with the in vitro and
in vivo colonisation of S. aureus in chickens.

This bacterial

interference was considered to be the result of both competitive
attachment to surface receptor sites (Meyers and Jensen 1987; Jensen
et al 1987) and the production of a bacteriocin which inhibited the
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growth of some strains of S. aureus (Wilkinson and Jensen 1987).

A

large-scale prophylactic programme in turkeys, using aerosol
treatment withs. epidermidis, was shown to reduce the incidence of
S. aureus infection (Nicoll and Jensen 1987a).
(c) Factors affecting virulence and persistence of bacteria in
animals
The outcome of the host-bacteria interaction depends on the interplay
of two major factors.

The first is the array of biochemical

mechanisms which contribute to the virulence of the bacteria, causing
it to injure the host or to subvert the host's immune defence system
(either to enhance or suppress), and the second is the nature of the
host's defence mechanisms (Falcone 1984).
A pathogen can overcome the host's immune defence by being poorly
immunogenic, producing antigenic shifts of surface antigens (e.g.
trypanosoma, staphylococci), producing proteases to destroy
antibodies, by sequestration in cells or sites with poor immune
surveillance, persistence in host MN and by the formation of L forms
with cell wall deficiencies (Easmon 1984).

S. aureus is considered

to be poorly immunogenic and attempts to produce immunity using delta
toxin, coagulase and protein A have been generally unsuccessful
(Verhoef and Verbrugh 1981).

The cell wall peptidoglycan, however, is

immunogenic and is described as the main target for opsonisation
(Peterson et al 1978b).
In combating the invading organism, the host factors may be specific
or non-specific and humeral or cellular/phagocytic (MN and PMN).
Both the humeral and phagocytic immune functions are under complex
genetic control as demonstrated in high and low responder strains
of mice (Mouton and Biozzi 1984).

The non-specific humeral factors

of the host involve iron metabolism, redox potential, pH, supply of
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nutrients and bacterial lysis triggered by complement activation
(Easmon 1984).

In the host, iron is avidly bound to carrier proteins

such as transferrin in plasma and lactoferrin in leukocytes and is
unavailable to bacteria (Easmon 1984).

Many pathogenic organisms

have devised methods to acquire iron and overcome this non-specific
host defence mechanism: some are able to obtain iron from transferrin
by low molecular weight iron chelators (or siderophores}, while other
species have specific surface receptor sites for transferrin (Easmon
1984); haemolytic organisms such as S. aureus utilize haeme iron

directly from lysed erythrocytes thus by-passing the transferrin
defence (Easmon 1984}.

The alternate pathway for complement

activation can be stimulated by microbial components such as
lipopolysaccharide, peptidoglycan, capsular polysaccharides and by
zymosan and inulin (Easmon 1984), thereby enhancing bacterial
destruction in the host.
Strategies adopted by pathogenic bacteria to resist or impede
phagocytosis include inhibition of inflammation and chemotaxis,
destruction of phagocytes, interference with opsonisation and
ingestion, inhibition of lysosomal function, resistance to
intracellular killing and multiplication in phagocytes (Mims 1982).
Virulent strains of S. aureus injected into mice were found to

inhibit the early inflammatory response with an insoluble bacterial
cell wall factor or aggressin, and this factor contributed to their

in vivo pathogenicity by inhibiting initial oedema formation at the

site of injection; the factor responsible for this effect was present
in cultures incubated for 3 hours but decreased concentrations
were detected in 24-hour-old cultures (Hill 1968).

Easmon et al

(1973) identified the aggressin as a mucopeptide (peptidoglycan)
residue and suggested it acted by preventing the release of kinins
which normally activate the Hageman factor-kinin pathway.
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second effect of this factor was to reduce PMN migration in vitro
(Weksler and Hill 1969}.

The factor had no effect on immune adhesion

or on haemolytic complement activity in vitro.

The net effects of

this peptidoglycan in one study were found to be increased bacterial
proliferation and increased severity of the lesions (Hill 1969).

In

another series of studies in cattle, the addition of cell wall
extracts (presumed to contain the peptidoglycan) of S. aureus was
found to reduce the early inflammatory response in cattle with
mastitis induced both by S. aureus and Streptococcus agalactia
(Mattila et al 1988 a and b) and by endotoxin (Mattila et al 1987).
The cell wall extract was found to be immunogenic and provided early
protection against challenge with bacteria and endotoxin but the
mechanism of the protective effect was unknown {Frost and Mattila
1988}.

It is possible that manipulation of the staphylococcal

peptidoglycan could be used to the advantage of the host, and
beneficial effects including pyrogenicity, mitogenicity, adjuvant
activity, macrophage activation and an endotoxin-like effect {Verhoef
and Verbrugh 1981} have been ascribed to it.
In bacteriogenic shock associated with staphylococcal sepsis, PMN
numbers in peripheral blood decrease due to margination and adhesion·
along vessel walls {Easmon 1984).

This may be caused by the presence

of beta and alpha toxins in some strains of S. aureus which inhibit
chemotaxis of human PMN and MN (Wilkinson 1975; Verhoef and Verbrugh
1981).

Both effects may potentially reduce the number of phagocytes

available in tissues and contribute to increased pathogenicity.
Although capsulated S. aureus and protein A. are capable of complement
activation, and these components are thought to contribute to the
increased pathogenicity of some strains of staphylococci, S. aureus
is considered to be resistant to complement lysis {Easmon 1984).
capsule of S. aureus does not prevent binding of complement and

!

i

The

45

antibody (Peterson et al 1978a) but the presence of a capsule on S.
aureus strain M did not contribute to intracellular survival
{Anderson and Williams 1985) thus supporting a view that the capsule
is not critical to virulence.

Protein A, a cell wall component of

S. aureus, interferes with phagocytosis by binding to the Fe
component of IgG.

This prevents its biological activity in

opsonisation, and by activating complement in the fluid phase it
also-reduces the availability of complement for opsonisation (Easmon
1984).

Colburn et al (1980} showed that protein A on S. aureus, in

the presence of IgG, inhibited neutrophil accumulation around
bacteria.

Peterson et al (1977) also demonstrated reduced

phagocytosis by PMN of S. aureus containing high levels of protein A
compared to strains with low levels of protein A.

In S. aureus

infection in turkeys, however, no correlation was found between
virulence and levels of protein A (Le Fevre and Jensen 1987) and its
role in S. aureus infection of other species is doubtful (Smith
1984).

Furthermore, production of protein A was found to be very

dependent on bacterial growth conditions {Easmon 1984).

Protein A

does potentiate cell-mediated immunity (Campa 1984) and therapy with
protein A potentiated MN-induced antitumour cytotoxicity and resulted
in tumour regression (Singh et al 1987).
Intracellular survival within macrophages of virulent organisms such
as brucella, listeria, leprosy bacilli, Mycobacterium tuberculosis
and Legionella sp. is known to occur and is mediated by inhibition of
phagosome-lysosomal fusion (Smith 1984; Buchmeier and Heffron 1989).
Bacterial factors which are considered to inhibit phagosome to
lysosome fusion include acidic sulphatides, sulfated glycolipids,
polyglutamic acid {Goren et al 1976; Draper 1981), ammonia from
filtrates derived from cultured tubercle bacilli {Gordon et al 1980),
catalase {Jackett et al 1978) and cyclic AMP which inhibits the
release of lysosomal contents (Lowrie et al 1979 a and b).
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Hycobacterium lepraemurium (Hart et al 1972) and Leishmania donovani
(Chang and Dwyer 1976) resist or inactivate oxygen intermediates, and
Toxoplasma gondii overcomes destruction by failing to trigger a
complete respiratory burst (Wilson et al 1980).

The mechanism of

intracellular survival by S. typhimurium is not known, although the
genes responsible for survival of this species have been isolated in
a number of mutants (Buchmeier and Heffron 1989}.
Virulent strains of S. aureus may also survive and persist within
phagocytes thus increasing their pathogenicity.

It should be noted

that S. aureus produces catalase, thus making it resistant to the
potentially damaging effect of its own peroxide (Verhoef and Verbrugh
1981) and this may cause resistance to phagocytosis and enhance its
virulence in comparison to other organisms.

Shayegani and Kapral

(1962) observed only minimal destruction of a strain of S. aureus
within the first hour after it was phagocytosed by rabbit PMN and MN.
Adlam et al (1970) reported similar results, in that this strain of
S. aureus resisted phagocytic killing when grown in vivo but not when
grown in vitro.

Gladstone et al (1974) subsequently found that the

resistance of this strain was independent of growth conditions in
vitro, but that other strains of S. aureus survived phagocytosis if
grown in a glucose-rich medium.

These results suggest that the

survival of S. aureus may depend on genetic characteristics of the
strain, assay techniques, the source of phagocytic cells and culture
conditions.
In addition to the roles of individual phagocytic cells and the
humeral and cellular immune system in combating invading micro
organisms, the role of granuloma formation in the avian inflammatory
response should not be underestimated, as this allows for greater MN
activation and closer cell-to-cell interaction (Blanden 1971).
In localised acute S. aureus infections, large numbers of segmented

!

I

47

neutrophils are attracted to the area and the lesions are often
walled off with deposits of fibrin (Youmans 1975)
organisms.

1

which contain the

Although S. aureus may survive in these areas, it is

considered those S. aureus organisms phagocytosed by PMN cannot
multiply within PMN (Carter 1986).

The firm, caseous nature of avian

heterophil granulomas (Montali 1988) may also provide different
dynamics for isolating an infection compared to mammalian granulomas.

!
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E.

AVIAN REOVIRUS INFECTIONS

The reovirus group were originally named because of their association
with infection in humans in the respiratory and gastrointestinal tracts
and the acronym 'reo' (respiratory enteric orphan) was adopted (Sabin
1959).

The Reoviridae family currently contain six genera, including

three which infect animals and man: Orthoreovirus, Orbivirus and
Rotavirus (Tyler and Fields 1986a).
There are three distinct groups of viruses in the Orthoreovirus
genus; avian reoviruses, mammalian reoviruses and Nelson Bay virus
(Joklik 1974).

Nelson Bay virus has features which are intermediate

between the avian and mammalian groups (Gard and Marshall 1973).
While only three serotypes of mammalian reovirus are recognised
(Joklik 1981), there are at least 11 serotypes of avian reovirus
(Wood et al 1980).

In Australia, Robertson and Wilcox (1984} were

able to categorise 10 selected isolates of avian reovirus into three
antigenic groups based on reciprocal serum neutralisation tests.
Avian reoviruses differ from the mammalian reoviruses in their host
range, lack of common antigenicity with mammalian reoviruses , lack
of haemagglutinating properties and the ability to induce fusion of
cells in culture (Robertson and Wilcox 1986}.

They were also

reported to contain a higher RNA content (18.7%) than mammalian
reoviruses (13% to 15%) (Koide 1970).
The morphology and physico-chemical properties of avian reoviruses
are similar to mammalian reoviruses (Petek et al 1967; Spandidos and
Graham 1976; Schnitzer et al 1982}.

These viruses are not enveloped

and the genome consists of 10 discrete segments of double-stranded
RNA.

They have a double capsid shell of icosahedral symmetry.

The

average outer diameter of mammalian reovirus particles is 70 nm to
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80 nm, but the reported size of avian virions varies from 56 nm to
82 nm (Robertson and Wilcox 1986).

The outer capsid of reovirus is

composed of hollow capsomeres arranged in hexagonal and pentagonal
subunits, each with a central hole (Tyler and Fields 1986b).

The

number of capsomeres reported for avian reovirus has varied from 90
to 132 (Robertson and Wilcox 1986).

The inner core also has

icosohedral symmetry, and at each of its 12 vertices there is a spike
which extends 5 nm to 6 nm above the surface of the core and
protrudes through the vertices of the intact virion to appear on the
viral surface (Tyler and Fields 1986b) and which may attach the inner
core to the outer capsid.
Avian reoviruses are stable over a wide pH range (Glass et al 1973),
can survive temperatures of 50 ° c for up to 2 hours (Kawamura et al
1965) and are stable at room temperature and 4 ° C for more than 2 and
3 months, respectively (Dutta and Pomeroy 1967).

They are resistant

to ether {Glass et al 1973), resist most organic solvents and
disinfectants and are inactivated by 70% ethanol {Gerlach 1986).
Avian reovirus can be readily isolated from the respiratory and
intestinal tracts of clinically normal chickens (Rosenburger 1983;
Robertson et al 1984) and from a number of natural disease
conditions (Robertson and Wilcox 1986).

They have also been shown to

induce several disease syndromes in experimentally-infected birds
(Jones and Kibenge 1984; Tang et al 1987a and b).

Transmission of

avian reoviruses to chickens can occur by both horizontal and vertical
routes (Gerlach 1986).
An avian reovirus was first isolated from the respiratory tracts of
chickens with chronic respiratory disease (Fahey and Crawley 1954):
this isolate was subsequently demonstrated to produce only mild
respiratory disease (Subramanyam and Pomeroy 1960} but caused
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tenosynovitis (Olson and Khan 1972; Olson and Weiss 1972) in chickens.
Olson et al (1957) also isolated a reovirus from broiler chickens
with arthritis of the major weight-bearing joints.

Outbreaks of

tenosynovitis associated with reovirus have occurred in broilers and
broiler breeders throughout the world (reviewed by Robertson and
Wilcox 1986).

The tenosynovitis most commonly involves the digital

flexor tendons and metatarsal extensor tendons (Dalton and Henry
1967).

Chronic tenosynovitis may lead to tendon rupture of the

tendon in the affected legs (Jones et al 1975; Jones et al 1980).
Heavy broilers were found to be more susceptible to reovirus-induced
tenosynovitis than light-weight breeds (Jones and Kibenge 1984)
suggesting that there are physical factors which exacerbate the
reovirus infection.

An age-linked susceptibility has been shown and

younger birds are more susceptible to infection than older birds
(Jones and Georgiou 1984).
While tenosynovitis has been experimentally reproduced with many
strains of avian reovirus by several routes of inoculation (Sahu and
Olson 1975; van der Heide et al 1980; Jones and Guneratne 1984; Jones
and Kibenge 1984; Kibenge et al 1985; Meanger 1990), the lesions
produced are usually less severe than the natural disease and
mononuclear cells and plasma cells predominate in the lesion (Olson
and Weiss 1972).

In severe cases of the naturally occurring disease

studied in Australia, however, heterophils predominated in the lesion
(Kibenge et al 1982a}.

The severe form of the disease in Australia

was considered to result from a primary reoviral infection with
secondary S. aureus invasion (MacKenzie and Bains 1977).

Infection

with S. aureus is common in tenosynovitis in chickens in Australia
(Kibenge et al 1982a; Kibenge et al 1983) although infection withs.
aureus has not been considered a major occurrence in tenosynovitis
lesions of chickens in other countries: this indicates that the
disease in Australia has a different pathogenesis to that reported
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elsewhere.
There are also reports that a runting syndrome characterised by poor
weight gains, feathering abnormalities, osteoporosis, lack of skin
pigmentation, increased mortality and arthritis may be associated
with avian reovirus infection (Rosenburger 1983).

This syndrome most

commonly affects young chickens 1 to 2 weeks of age, and is
associated with thymic and bursal atrophy and a malabsorption/
maldigestion syndrome (Page et al 1982).

Diarrhoea, pancreatic

lesions of atrophy and fibroplasia (Pass et al 19S2) and catarrhal
enteritis and proventriculitis have been described in the disease,
along with elevated alkaline phosphatase levels considered to be of
intestinal origin (Kouwenhoven et al 1978; Vertommen et al 1980 a and
b). The condition has not been reproduced experimentally (Tang et al
1987a) and the role of avian reoviruses in this syndrome in uncertain.
Avian reoviruses have also been reported to cause a sudden death
syndrome, both in chickens less than 2 weeks of age and in broiler
breeders over 2 months of age (Jones 1976).

This syndrome is

associated with hepatic necrosis, myocarditis, hydropericardium,
ascites, nephrosis, bursal atrophy, n€phrosis and sub-clinical
tenosynovitis (Spradbrow and Bains 1974; Bagust and Westbury 1975;
Tang et al 1987b).

The syndrome has been reproduced experimentally,

and the expression of pathological lesions was found to vary markedly
with the strain of virus used (Tang et al 1987a}.
In the chicken, the intestinal tract is thought to be a major site
for reovirus replication (Kibenge et al 1985).

Viraemia is first

observed 24 to 48 hours after infection of chickens (Robertson and
Wilcox 1986) and may persist for up to 10 days (Kibenge et al 1985}.
The virus in peripheral blood is thought to be associated with the
mononuclear cell fraction (Kibenge et al 1985}.

Three to five days
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following experimental infections, the virus may be detected in bone
marrow (Kibenge et al 1985).

The virus has been demonstrated to

replicate in cultured chicken macrophages derived from bone marrow
(Bulow and Klasen 1983) and peripheral blood (Haffer 1984) and this
cell type was considered by Bulow and Klasen (1983) to be the major
target cell for reovirus replication in chickens.
The initial step in the infection of cells by reovirus is the attachment
to cells via specific attachment proteins present on the viral
surface to cell surface receptors.

The Sl gene of mammalian reovirus

codes for an attachment protein, sigma 1 {Joklik 1981); the
homologous protein expressed in avian reovirus is sigma C {Schnitzer
et al 1982).

At physiological temperatures, adsorbed reovirus is

taken into phagocytic vacuoles by a process of "viropexis" and within
an hour, most particles are located within lysosomes {Tyler and
Fields 1986b}.

A unique feature of reoviruses is their ability to

utilise lysosomal proteases from the host cells to uncoat the virus
(Silverstein et al 1976).

This process activates viral RNA

transcriptase (a polymerase) and when the viral particles are
released from the lysosomes, gene transcription begins (Joklik 1981).
In the model of replication of reovirus in mouse L cells (Silverstein
et al 1976), single-stranded RNA transcripts of the parental viral
genome are formed within 2 hours of cell penetration, and by 6 hours,
double-stranded RNA progeny appear.

By 12 hours, an exponential

increase in progeny virus coincides with a decrease in synthesis of
cellular protein and host DNA.
mature virions.

Cell lysis may then occur, releasing

The mechanism of cell lysis is unknown (Tyler and

Fields 1986b) but is thought to be induced by viral alteration of the
cytoskeletal vimentin filaments and the inhibition of cellular DNA,
RNA and protein synthesis (Sharpe and Fields 1985).

Reovirus

inclusions contain vimentin filaments, suggesting that reovirus
infection leads to a reorganisation of these filaments.

!
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Persistent reovirus infections can occur in various in vitro
systems and in vivo without cell lysis (Sharpe and Fields 1983).

In

infected chickens, the tissues in which the virus commonly persists
are the tendon sheaths, particularly of the hock joints {Ruff and
Rosenberger 1985), lymphoid tissue and oviducts {Robertson and Wilcox
1986).

Virus persistence occurs in the presence of neutralising

antibody to the homologous reovirus (Jones and Nwajei 1985).

In

mice, the mechanism of persistence of mammalian reovirus involves the
production of temperature-sensitive mutants and deletion mutants
{Silverstein et al 1976; Tyler and Fields 1986b) and persistence is
more likely to occur following infection with serially-passaged virus
at a high multiplicity of infection (Sharpe and Fields 1983).
Persistence can also be induced by increasing the pH of lysosomes
with ammonium chloride which inhibits the uncoatin� of phagocytosed
virus (Canning and Fields 1983).

It is of interest that in culture,

the mouse L fibroblasts which supported persistent reovirus
infections demonstrated mutation with increased lysosome-like
structures (Sharpe and Fields 1983) suggesting that there is a viral
induced modification of the cell without the cell destruction typical
of reoviruses.

The mechanism of persi�tence of reovirus in chickens

has not been determined.
Avian reovirus has been reported to modulate the immune response of
chickens, possibly through the production of interferon or by the
activation of macrophages (Bulow et al 1984).

Interferon was

detected in the serum and lungs of chickens infected with reovirus,
and the level of interferon was greater in 4-week-old chickens than
in 6-day-old chickens (Ellis et al 1983a}.

Interferon production

also occurs in vitro in CK and CEK cell cultures {Ellis et al 1983b)
and in macrophage cultures (Bulow et al 1984) using ultraviolet
irradiated avian reovirus.

Evidence that avian reovirus may enhance
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the immune response of chickens, reported by Cho (1979), was that
pre-infection of 1-week-old chickens with avian reovirus suppressed
the expression of Marek's disease.

This was thought to be due to an

interferon-like activity or to enhanced immunogenicity of Marek's
tumour cells (Cho 1979).

In contrast, Cook and Springer (1983),

reported that avian reovirus had no adverse effect on the
immunocompetence of 8-week-old chickens infected at birth.

Mammalian

reovirus type 3 can induce suppressor T cell production {Fontana and
Weiner 1980} which is mediated by the viral haemagglutinin (Greene
and Weiner 1980).

In this mammalian model, the route of inoculation

and infectivity of the virus determined the subsequent development of
immune tolerance (Greene and Weiner 1980).

There is, however, no

evidence to suggest that avian reoviruses affect cells equivalent to
suppressor T cells in chickens.

!
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CHAPTER 3: DIFFERENTIAL SEPARATION OF POPULATIONS OF LEUKOCYTES FROM
THE PERIPHERAL BLOOD OF CHICKENS

INTRODUCTION
Kibenge et al (1983) reported that strains of staphylococci, isolated
from chickens with tenosynovitis, varied in their pathogenicity when

they were inoculated into specific-pathogen-free (SPF) chickens.

Some

strains produced a severe tenosynovitis and septicaemic condition
with a high mortality, whereas other strains failed to induce lesions
even at very high dose rates.
One possible explanation for the difference in pathogenicity between
the strains of staphylococci isolated from chickens with
tenosynovitis is that there may be strain variation .in the
susceptibility of these bacteria to phagocytosis and killing by
heterophils and/or mononuclear phagocytes of the chicken.

The

purpose of the investigation reported in this Chapter was to develop
a method of purification of chicken phagocytes which could be used to
compare the phagocytic and bactericidal activity of individual
phagocytic subpopulations for strains of staphylococci of different
pathogenicity.

Purification of individual cell populations was

necessary to eliminate the chance that their function may be modified
by other leukocytes or their products.
A variety of methods have been reported for the separation of
individual leukocyte populations from the peripheral blood of
mammals.

These procedures have been based on the physical or

chemical properties of individual leukocyte subpopulations, such as
buoyant density, adherence, surface charge, size, phagocytic
function, autofluorescence (of eosinophils) and other biological

!
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characteristics (Pretlow and Pretlow 1982b).

A major consideration

in the selection of a technique for the purification of leukocyte
subpopulations for use in functional studies has been that the
separation procedure must use inert reagents so that the cells are
functionally unaltered; systems which have used cells suspended in
isotonic media or in their own natural media, such as blood plasma,
have usually been expedient and the least injurious to cells (Pretlow
and Pretlow 1982b).

In chickens, various techniques similar to those

used for mammalian blood also have been used to isolate individual
leukocyte types from the peripheral blood. In chickens, however, the
presence of nucleated thrombocytes and erythrocytes has added
complexity to the separation procedures compared to mammals, as
nucleated cells are more resistant to lysis and the nucleated chicken
erythrocytes cannot be selectively lysed during the leukocyte
purification process as non�nucleated erythrocytes are in mammals.
For the separation of peripheral blood leukocyte populations in
chickens the use of Ficoll (a copolymer of sucrose and epichlorhydrin)
or Ficoll-based products has been reported on several occasions.
Noble and Cutts (1967 and 1968) used continuous Ficoll gradients to
separate granulocytes, lymphocytes and monocytes from chicken blood
in a two-step process, after first removing erythrocytes by
centrifugation of blood layered over a 35% solution of Ficoll. The
recovery of granulocytes averaged 38% with this procedure but all
layers were heavily contaminated with thrombocytes.

Glick et al

(1985) and Greenfield et al (1988) used two densities of Ficoll

Hypaque (Ficoll combined with a radiocontrast substance, sodium

diatrizoate, specific gravity 1.08 and 1.12) to separate chicken
granulocytes for the purpose of cell-flow cytometry.

Mandi et al

(1985) reported using a method described for human granulocytes
(Hjorth et al 1981) to isolate granulocytes from the peripheral blood
of chickens by single-step Percell (Pharmacia Fine Chemicals,
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Uppsala, Sweden; a colloidal suspension of silica particles coated
with polyvinyl-pyrrolidine) density gradient centrifugation; however,
the modifications of their procedure were not described and cell
yields were not reported.

Ficoll-Hypaque gradient centrifugation was

used also by Grecchi et al (1980) to separate chicken peripheral
blood mononuclear cells by a method adapted from Boyum (1968b) in
which separated cells were cultured on sterile glass coverslips.

Ficoll-Hypaque was used also by Santivatr et al (1981) to separate

chicken cells which were used in a phagocytic assay of S. aureus.

Bulow et al (1984) cultured blood monocytes separated on Ficoll-Paque
(Pharmacia Fine Chemicals, Uppsala, Sweden; Ficoll 400 with sodium
diatrizoate) columns and reported almost no contamination with
erythrocytes, granulocytes or thrombocytes.
Topp and Carlson (1972a) devised a technique for separating
heterophils from turkey blood using low speed centrifugation to
extract most thrombocytes, .followed by incubation of the blood on
columns of siliconised glass beads for 30 minutes at 37 ° c.
Erythrocytes were removed by washing with autologous plasma, then the
attached heterophils were eluted with an EDTA buffer.

Seventy-five

percent of the leukocytes eluted were heterophils (range 58 to 94%),
of which 90% were viable but were described as shrunken.
Gazzolo et al (1974) described the culture of avian macrophages
separated from other peripheral blood cells by the albumin flotation
technique of Weiss and Fawcett (1953) and used these cells to study
the replication of avian viruses.

Gazzolo et al (1979) used

discontinuous gradients of bovine serum albumin to separate chicken
bone marrow cells and found myelocytes and granulocytes appeared in
the high density fractions 1.0695 to 1.085 g/ml.

They also found

polychromatic erythroblasts and erythrocytes in the same higher
density fraction, making complete purification of granulocytes
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difficult to accomplish on the basis of density alone.
This study describes an investigation of techniques to separate
heterophils and monocytes, free of contaminating thrombocytes, from
the peripheral blood of chickens, in order to develop a practical
procedure for the purification of these cells to investigate their
role in the phagocytosis and killing of strains of staphylococci
isolated from chickens with tenosynovitis (Kibenge et al 1982a).
MATERIAL_S AND METHODS

Chickens and sample collection
Fourteen female SPF CSIRO Parafield/Mini Dwarf White Leghorn chickens
were used during the study.

They were from 8 months to 3 years of

age and were housed in a temperature-controlled environment at 21 ° C
with 12 hours of artificial light daily.
For blood sample collection, birds were restrained on a plastic frame
and the alar vein area was sprayed with 70% ethyl alcohol.

It was

found that the alcohol needed to dry prior to venepuncture to avoid
leukoagglutination.

Five ml blood samples were collected by

venepuncture of the alar vein using 22 gauge needles and 6 ml
syringes containing 500 to 1000 units of preservative-free sodium
heparin (Commonwealth Serum Laboratories, Parkville, Victoria);
excess heparin also tended to cause leukoagglutination.

Blood

samples were immediately diluted with an equal volume of cold RPMI
1640 medium (Flow Laboratories, Stanmore, Australia) containing 10 mM
Hepes buffer and 0.85 g/ml sodium bicarbonate.

The cells were held

at 4 ° C and processed within 20 minutes of collection.
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Bacteria
Stocks of Staphylococcus hyicus strain 1609 and S. aureus strain 1036
(Kibenge et al 19 8 2a) were maintained in a mixture of equal volumes
of glycerol and brain heart infusion broth (Oxoid ·Ltd., Basingstoke,
England) at -70 ° C, and were cultured on sheep blood agar as required.
Isolated colonies were subcultured into tryptone soya broth (TSB;
Oxoid Ltd., Basingstoke, England) for use in the phagocytic assays.
Bacteria were washed twice with TSB, resuspended in 5 ml TSB and
adjusted to a concentration of 5 x 10 8 bacteria/ml. Counts of
bacteria were made using an improved Neubauer haemocytometer counting
chamber (Weber, England).
Separation of leukocyte subpopulations from the peripheral blood of
chickens by Percoll density gradient centrifugation
The osmolalities of plasma samples from six chickens were measured
using a freezing point depression osmometer (Roehling Automatik
Osmometer, Berlin, West Germany) and the mean result applied to
ensure that the density gradient used was iso-osmotic with chicken
plasma.
Percell (Pharmacia Fine Chemicals, Uppsala, Sweden; batch no.
LF00509, density 1.129 g/ml) was diluted to an osmolality of 320
mOsm/kg, the average osmolality of avian plasma, by adding 1.5 M
sodium chloride in the proportions 9 ml of 1.5 M NaCl to 91 ml of
Percell. This mixture, referred to as stock avian Percoll, was
prepared daily and any further dilutions required were made with
phosphate buffered saline {PBS), pH 7.2.

The dilutions in PBS of the

stock avian Percell which were found to give the best results were
80% (density 1.10 8 g/ml), 73% {density 1.092 g/ml) and 60% {density
1.056 g/ml}.

Densities were measured at room temperature as mass per
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unit volume using a pycnometer (Fisher Scientific Company, Pittsburg,
Pennsylvania).
Discontinuous (step-wise) Percoll gradients were freshly prepared in
12 ml polystyrene centrifuge tubes (Kayline Plastics, South
Australia) by carefully layering 2 ml volumes of each of the
following solutions in sequence: 80%, 73% and 60% Percell. Four ml
aliquots of blood, previously diluted with an equal volume of cold
RPMI 1640 medium and containing a total of 2.5 to 3.5 x 10 7
leukocytes, were gently applied to the top of gradients and the tubes
centrifuged at 800 x g for 15 minutes in an MSE bench-top centrifuge
using a swing-out rotor.
After centrifugation, fractions were carefully removed sequentially
from the top of the tube with a pasteur pipette, and the number of
cells in each fractions was calculated.

The total number of

leukocytes in each fraction was determined by multiplying the volume
of the fraction by the leukocyte concentration; the latter was
counted in a 1:100 dilution of the fraction in RPM! 1640 medium using
an improved Neubauer haemocytometer (Weber, England) under phase
microscopy with a positive low contrast objective at x 300
magnification, within 3 hours of centrifugation.

The percentage of

leukocytes in each fraction was then calculated.

The proportions of

leukocyte types present in each fraction were determined by preparing
Wright-stained smears of each fraction and differentiating 200
leukocytes.

The viability of the leukocytes was determined by trypan

blue exclusion by adding an equal volume of 0.5% trypan blue in PBS
to an aliquot of each fraction and differentiating 200 cells in each
wet mount preparation.

The yield of cells recovered from each

fraction was calculated as the proportion of the total number of
leukocytes applied to the gradients.

Samples with marked

leukoagglutination or macroscopic blood clots were excluded from the
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comparative analysis of cell yield.
The repeatability of the method for counting leukocytes was assessed
on seven replicate dilutions of a single blood sample.

For each

count, a 1:100 dilution of blood was made in RPMI 1640 medium in a
7.5 cm x 1 cm polystyrene tube, using the methods described above.
The coefficient of variation for this method of counting leukocytes
was found to be 17.37%.
The effect of dextran treatment of whole blood on the separation of
leukocyte subpopulations from the peripheral blood of chickens by
Percoll density gradient centrifugation
Dextran was used to increase erythrocyte sedimentation in an attempt
to minimise numbers of erythrocytes in samples of blood applied to
Percell gradients.

The effect of treatment of whole blood with

dextran on the leukocyte yields obtained both before and after Percell
gradient centrifugation was determined. Four ml of heparinised blood
was diluted with an equal volume of cold RPMI 1640 medium and
transfered to 60 ml polycarbonate tubes (Corning Co., Chicago, Il.,
U.S.A.).

Ten ml of 4% dextran {MW 2�4�000; �igma Chemical Co., St

Louis, Mo., U.S.A.) in PBS was added to the blood and an additional
10 ml of 2% dextran in PBS was added 5 minutes later. The dextran
treated cell suspensions were mixed gently and the tubes centrifuged
at 26 x g for 10 minutes.

The supernatant was collected and re

centrifuged at 800 x g for 10 minutes; the subsequent sediments were
reconstituted to a volume of 4 ml with RPMI 1640 medium (total
leukocyte count 1.5 to 4.3 x 107 ) and applied to the top of Percell
gradients as described above.

The number of leukocytes and the type

of leukocytes recovered in the various fractions were determined as
described above.

The yield of leukocytes recovered from the Percell

gradients was expressed as a percentage of the number of leukocytes
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applied to the gradients rather than as a percentage of the
leukocytes in the original blood sample.
Statistical analyses, where appropriate, were performed by the Mann
Whitney test, a modification of the Wilcoxon Rank Sum Test for non
parametric analysis.
Separation of leukocyte subpopulations from the peripheral blood of
chickens by Ficoll-Paque single-density centrifugation and Ficoll 400
density gradient centrifugation
Leukocytes were separated on commercial Ficoll-Paque (Pharmacia Fine
Chemicals, Uppsala, Sweden; density 1.077 g/ml) at both room
temperature and at 4 ° c.

Ficoll-Paque held at 4 ° C for 1 hour was

found to have a density of 1.083 g/ml.

Four ml of chicken blood was

gently layered on io�·of 6 ml of Ficoll-Paque in a sterile 12 ml
polystyrene tube and centrifuged at 300 x g for 15 minutes.

The

leukocyte layer was extracted and examined microscopically in
Wright-stained smears .
Leukocytes were separated also on discontinuous and continuous
gradients of Ficoll 400 (Pharmacia Fine Chemicals, Uppsala, Sweden)
in PBS. A stock suspension of 35% Ficoll 400 in Dulbecco's minimal
essential medium (DMEM; Flow Laboratories, Stanmore, Australia) was
prepared and further Ficoll 400 dilutions were made to concentrations
of 25%, 24%, 22%, 20%, 18%, 16% and 14% and 1 ml of each dilution was
sequentially layered into a 12 ml polystyrene tubes in a modification
of the procedure described by Noble and Cutts (1968).

Tween 80 (BDH

Ltd., Poole, England), a non-ionic surfactant used in the preparation
of some gradients, was added to the dilutions of Ficoll 400 to a
final concentration of 0.1%.

The tubes for the discontinuous density

gradients of the Ficoll 400 dilutions were used immediately and those
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for continuous gradients were prepared in a similar manner but left
at room temperature for 12 hours before use.

Four to 5 ml of

heparinised blood was applied to the gradients and centrifuged at
either 300 x g for 10 minutes or

8 00

x g for 20 minutes. After

centrifugation the cell layers were extracted sequentially and the
cell types in the subsequent fractions were evaluated microscopically
in Wright-stained smears of sediments of each fraction.
The use of carbonyl iron uptake by thrombocytes and phagocytes on the
differential removal of cells from leukocytes previously separated by
Ficoll-Paque single-density centrifugation
The cells (containing a mixture of 10 6 to 10 8 mononuclear cells,
thrombocytes and granulocytes), collected from the leukocyte fraction
of Ficoll-Paque single-density columns prepared at 4 ° C, were mixed
with carbonyl iron in an attempt to remove thrombocytes and some
phagocytic cells magnetically by the selective ingestion of carbonyl
iron by these phagocytic cells. The top 2 ml fraction of the Ficoll
Paque column, prepared as described above, was added to 10ml DMEM
containing 1% foetal bovine serum (FBS) and 0.2 g sterile carbonyl
iron powder (Atomergic Chemetals Corp., New York, U.S.A.) in a
sterile 25 ml culture flask (Corning Co., Chicago, U.S.A.) and
incubated for 30 minutes at 37 ° c.

A magnet was held under the flask

to attract the iron-phagocytosing cells and the media was decanted
gently to remove the suspended cells.

The change in leukocyte

distribution with this procedure was determined on four differential
leukocyte counts before and after the carbonyl iron treatment.
The use of lectins to purify subpopulations of chicken leukocytes
from cells previously separated by Ficoll-Paque single-density
centrifugation
The agglutinating effect of a variety of plant and animal lectins on
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chicken leukocytes was examined to determine which lectins might be
used to selectively deplete contaminating lymphocytes from mixed
populations of partially purified leukocytes.

The leukocytes used in

these studies were collected from the top layer of cells separated by
centrifugation on cold (4° C) Ficoll-Paque, suspended in RPMI 1640
medium of pH 7.4 and treated with carbonyl iron to remove
thrombocytes and monocytes as described above. The lectins used were
phytohaemagglutinin, Vicia villosa (hairy vetch), Haclura pomifera
(Osage orange), Helix pomatia (edible snail), Bandeiraea
simplicifolia , Limulus polyphemus (horseshoe crab), conconavalin A,
Tetragonolobus purpureas (lotus), crayfish haemolymph lectin, Arachis
hypogaea (peanut lectin), Lens culinaris (lentil) and Triticum
vulgaris (wheat germ lectin) (Sigma Chemical Co., St. Louis, Mo.,
U.S.A).

Serial two-fold dilutions of lectins were made from a stock

1 mg/ml solution in 0.85% saline containing 0.01 M calcium chloride
and 0.005 M magnesium chloride, and 0.05 ml of each lectin dilution
was placed in V-shaped microtitre trays.

Equal amounts of leukocyte

preparations were added to lectin dilutions, mixed, incubated at room
temperature for 20 minutes and examined microscopically for
agglutination.

The tests were repeated three times.

Four ml of wheat germ lectin Sepharose 6MB (Pharmacia Fine Chemicals,
Uppsala, Sweden} was placed in a 5 ml column, washed with PBS, then 1
ml of the Ficoll-Paque-separated and carbonyl iron-treated leukocyte
preparation containing additional 0.2% bovine serum albumin (BSA) was
added to the column for 20 minutes at room temperature. The column
was flushed three times with 2 ml PBS at a flow rate of 0.1
ml/minute, the flushed samples collected and the cells quantitated.
To elute adherent cells from the column, a solution of PBS containing
25 mg/ml N-acetyl glucosamine then was added for 15 minutes, the
column was flushed with this solution, the eluate collected and the
cells examined microscopically.

The yields of leukocytes recovered
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from four columns were calculated.
Separation of heterophils by flow cytometry from partially-purified
chicken leukocytes
A system 50 cytofluorograph {Ortho Instruments, Ma, U.S.A.) with dual
argon ion and helium-neon lasers was used to discriminate and sort
chicken heterophils from leukocyte suspensions.

The photomultiplier

tubes 2 and 4 were set at 3.1 and 2.1 respectively.

Two types of

leukocyte suspensions were used in duplicate; they were mixed
leukocytes from cold {4 ° C) Ficoll-Paque columns which were treated
with carbonyl iron, and heterophil-rich fractions containing
erythrocytes from Percell gradients.

The preparations were diluted

with-PBS, and after a region of heterophils was identified on the
cytogram, the instrument was set in the cell-sorting mode and
heterophils from the selected area were collected using a 100 µm
diameter orifice. Samples of the collected cell suspensions were
examined by phase contrast microscopy for purity.
Electron microscopy
The identity of cells in the Percell gradient fractions was confirmed
by electron microscopy.

For electron microscopy the cells were

pelleted by centrifugation, the pellets fixed in 5% glutaraldehyde,
post-fixed in 1% aqueous osmium tetroxide and embedded in Epon.
Sections were stained with saturated uranyl acetate and lead citrate,
carbon coated and examined in a Phillips 301 transmission electron
microscope.
Functional activity of heterophils separated from the peripheral
blood of chickens
The functional activities of heterophils separated by centrifugation
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on 4° C Ficoll-Paque followed by carbonyl iron treatment as described
above, and the heterophil-rich fractions C and D from the Percell
density gradient centrifugation procedure described above, were
assessed by phagocytosis of 1 µm latex beads (Polysciences Inc.,
Warrington, Pa., U.S.A.) and S. hyicus strain 1 609.
For the phagocytosis of latex beads, the cell preparations were
washed once in RPMI 1 6 40 medium and adjusted to a concentration of 3
to 4 x 10 6 cells/ml.

Latex beads were diluted in PBS and added to

heterophil preparations at a bead to heterophil ratio of 1000:1. One
ml of the mixture was mixed gently by continuous rotation in 120 mm x
10 mm polycarbonate tubes with teflon stoppers at 37 ° C for 30 minutes.
After incubation, samples were washed three times in RPMI 1 6 40 medium
by centrifugation at 50 x g for 5 minutes to eliminate excess beads.
Smears made of the pelleted cells were stained with Wright's or Diff
Quik stain {Harleco, American Hospital Supply Corporation, Gibbstown,
N.J., U.S.A.) and examined by light microscopy.

One hundred

heterophils were examined and the percentage of cells containing
beads and the number of beads phagocytosed per cell were determined.
A phagocytic index {PI) was calculated as described by Dunn et al
{1983) from the formula:
PI=

% phagocytic cells x number of intracellular beads in 100 cells
1000

A study was made of the effect of 10% FBS, 10% chicken serum and 10%
BSA fraction V (Commonwealth Serum Laboratories, Melbourne) on the
PI, and of the effect of varying the duration of incubation from 30
to 60 minutes.

The effect on the PI of adding FBS or chicken serum

which had been pre-heated at 5 6° C for 30 minutes before addition to
the phagocytic assay was also investigated. Statistical analyses
were performed using the paired t test.

In the final phagocytosis
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assay of latex beads, no additional serum or albumin was used, the
incubation time was 30 minutes and cells were pre-heated to 37 ° C.
For phagocytosis of S. hyicus, washed, non-opsonised 24-hour cultures
of S. hyicus strain 1 6 09 were added in proportions of 100 bacteria to
one heterophil, using concentrations of heterophils of 1.5, 3 and 5 x
10 6 heterophils/ml.

The heterophil suspensions were pre-heated to

37 ° C before the bacteria were added. The mixtures were incubated at
either 37 ° c or 42 ° c for 45 minutes with constant mixing, and smears
made of the mixtures at 30 and 45 minutes, stained with Wright's stain
and the number of leukocyte-associated bacteria counted in 100 cells
using light microscopy and the PI determined.

The viability of

heterophils was assessed at the end of the phagocytosis period by
trypan blue exclusion as previously described.

The repeatability of

the method of assessing the phagocytic index was evaluated from the
results obtained from four replicate smears of one suspension.
Minimisation of erythrocyte and thrombocyte contamination in
leukocyte populations separated from the peripheral blood of chickens
by a variety of procedures
A variety of agents were used to minimise or eliminate erythrocytes
from various partially-purified samples (including dextran-treated
samples and gradient fractions).

The agents were used to produce

erythrolysis by mixing samples in varying proportions (1:1 to 1:5)
with hypotonic (0.2% to 0.4%) saline, 1% ammonium oxalate, 2% acetic
acid and 0.1% to 1% Tween 80 (BDH Chemicals Ltd., Poole, England) for
15 minutes each.

Nuclear remnants of erythrocytes were then removed

by centrifugation of the samples at 800 x g for 10 minutes on columns
of 55% Percell. The cells passing through the columns were examined
microscopically.
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Thrombocytes were minimised by a variety of methods including
defibrination at the time of collection using glass beads (Dacie and
Lewis 1974), treatment with carbonyl iron as described previously and
centrifugation on columns containing 55% Percell.
Separation, culture and function of adherent mononuclear cells from
the peripheral blood of chickens
Peripheral blood from chickens was separated on Percell gradients as
described previously and fraction A of the gradient was collected.
The cells from this fraction were washed twice in RPMI 1640 medium by
centrifugation at 300 x g for 10 minutes and resuspended in
macrophage culture media {Bulow et al 1984) consisting of DMEM
enriched with 110 µg/ml sodium pyruvate, 36 µg/ml L-asparagine, 36
µg/ml L-arginine HCl, 6 µg/ml folic acid, 12% FBS, 100 units/ml
penicillin, 100 mg/ml streptomycin, 100 µg/ml gentamycin and 2.5
µg/ml amphotericin B.

The cells were allowed to sediment in

siliconised glass vials for 6 hours at room temperature before being
resuspended in 5 ml fresh culture medium. One to 2 ml aliquots of
these cell suspensions were added to 35 mm tissue culture dishes
(Lux, Nunc Inc., Naperville, Il., U.S.A.) containing sterile 22 mm x
22 mm glass coverslips or to sterile Leighton tubes containing 10 mm
x 35 mm glass coverslips and incubated at 37 ° C in a 6%
atmosphere for 5 days.

co 2-in-air

After 24 hours the supernatant was replaced

with fresh macrophage culture media.
The cultured adherent mononuclear cells (MN) were identified
morphologically and with an alpha-naphthyl acetate esterase stain
(Koski et al 1976) and their function was determined by their ability
to phagocytose bacteria.

For phagocytosis of bacteria 1 24-hour-old

cultures of S. hyicus strain 1609 and S. aureus strain 1036 were
washed twice in PBS and added in duplicate to 5-day-old MN cultures

69

previously washed three times with PBS.

Approximately 200 bacteria

were added per cell. Following incubation at 37 ° C for 20 minutes in
a 5%

co 2-in-air

atmosphere, with gentle agitation every 5 minutes,

the cells were washed five times with PBS, rapidly air-dried and
stained with Diff Quik stain (Harleco, American Hospital Supply
Corp., Gibbstown, N.J., U.S.A.). The PI was determined as described
above.
RESULTS
Separation of leukocyte subpopulations from the peripheral blood of
chickens by Percoll density gradient centrifugation
The centrifugation of chicken peripheral blood on discontinuous
Percell gradients consisting of 80%, 73% and 60% Percell
concentrations resulted in five discrete fractions (fractions A 1 B,
C, D and E; Figure 3-1), with fraction E containing the erythrocyte
sediment. The type and distribution of tot�l -leukocytes recovered in
each of the Percell fractions are shown in Table 3-1 and 3-2,
respectively.

As the distribution of cells recovered in the various

fractions was the same in samples with and without prior dextran
treatment, the data shown in Table 3-1 is a combination of results
obtained by the two techniques.
The purest concentrations of heterophils were in fractions C and D
(Figure 3-1) at the junction of the 73%.and 80% Percell layers and in
the 80% Percell layer, respectively (Table 3-1).

Fractions C and D

showed an average of 96.9% and 99.8% heterophils, respectively; in
both fractions there was some contamination with erythrocytes and
basophils but only rarely with thrombocytes. The percentage recovery
of heterophils in the Percell fractions is shown in Table 3-3.
combining fractions C and D, an average of 12.9% of the total

!
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heterophils applied to the gradient could be obtained and 96% to 98%
of these cells were viable (Table 3-2).
Lymphocytes and monocytes were found predominantly in fraction A.
Eosinophils were found also in fraction A, with a few in fraction B.
Although basophils were present in all fractions, the highest
concentration of these was detected in fraction B (Table 3-1).
Thrombocytes occurred principally in fraction A although large
thrombocytes were detected occasionally in fraction B.
The light microscopic appearance of cells in Wright-stained �mears of
fractions A, B, C and D of the Percell gradients is shown in Figure
3-2.

On phase contrast microscopy it was possible to discriminate

thrombocytes from other leukocytes.

On low or very low positive

phase contrast, thrombocytes were small cells, oval or teardrop in
shape with a single round to oval nucleus and one or two small but
bright cytoplasmic granules.

By phase contrast microscopy,

lymphocytes were dull, dark and circular; heterophils had very bright
cytoplasmic rod-shaped granules and were frequently larger than
lymphocytes (Figure 3-3}; basophils contained granules which were
dull and slightly smaller than those within heterophils.
Electron microscopy confirmed that the cells present in the C and D
fractions (Figure 3-1) of the Percoll gradients were heterophils
(Figure 3-4) by their plentiful ·fusiform, electron-dense cytoplasmic
granules.

The secondary and tertiary granules, as described by

MacRae and Powell (1979), could also be discerned by electron
microscopy.

The absence of cytoplasmic vesicles in cells in these

preparations indicated that Percoll had not penetrated into their
cytoplasm.
The electron-microscopic appearance of basophils and monocytes from
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fraction B (Figure 3-1) is shown in Figure 3-5.

Basophils had a

single nucleus with a shallow indentation and four types of granules,
as described by Maxwell and Trejo (1970).

The monocytes had

undulating nuclear margins, numerous mitochondria and a large amount
of rough endoplasmic reticulum as described by Maxwell and Trejo
(1970).
The effect of dextran treatment of whole blood on the separation of
leukocyte subpopulations from the peripheral blood of chickens by
Percoll density gradient centrifugation
Treatment of whole blood with dextran prior to application onto the
Percell gradients resulted in a loss of leukocytes r ranging from 12%
to 58% (av 37.3% ± 15.8%). A comparison of differential counts of
whole blood before and after dextran treatment indicated that all
cell types were affected.
Both the total recovery of heterophils and the heterophils present in
the C fraction of the Percell gradients were significantly less in
the dextran-treated samples than in the untreated samples (P 0.015
and 0.009 respectively; Table 3-3} and the percentage of total
leukocytes recovered in the C fraction was also significantly lower
(P 0.009; Table 3-2) after dextran treatment of the blood.
Excluding the initial leukocyte loss with dextran treatment of blood,
there was no significant difference in the total number of leukocytes
recovered from the Percell gradients (expressed as a percentage of
the leukocytes applied to the gradients) between the two treatments.
The average calculated recovery of leukocytes for the untreated
samples was 80.4% (range 56% to 108%) and for the dextran-treated
samples was 86.6% (range 54% to 112%}.
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Although the viability of leukocytes in each of the Percoll fractions
was in excess of 93% with or without dextran treatment, a slightly
lower viability was detected in the dextran-treated samples than in
the untreated samples (Table 3-2}.
Separation of leukocyte subpopulations from the peripheral blood of
chickens by Ficoll-Paque single-density centrifugation and Ficoll 400
density gradient centrifugation
In the discontinuous Ficoll 400 gradients, heterophils were found to
band between the 20% and 25% layers (the density of 20% Ficoll 400
was 1.095 g/ml}.

However, many thrombocytes, erythrocytes and some

monocytes were present also in this layer.

Similar results were

obtained when continuous Ficoll 400 gradients were used.
Ficoll-Paque at 4 ° C had a higher density (1.083 g/ml) than at room
temperature (1.077 g/ml) and it was found that many more heterophils
were present in the single leukocyte layer when the procedures were
conducted at 4 ° C than at room temperature.

The leukocyte layer

recovered after centrifugation on Ficoll-Paque contained very few
erythrocytes.
The use of carbonyl iron uptake by thrombocytes and phagocytes on
their differential removal from cells previously separated by Ficoll
Paque single-density centrifugation
Carbonyl iron treatment of cells present in the leukocyte layer
recovered from cold Ficoll-Paque resulted in the successful removal
of many but not all thrombocytes.

The number of leukocytes present

after this treatment was reduced by an average of 55% but the
percentage of heterophils increased and the percentage of monocytes,
basophils and eosinophils tended to decrease (Table 3-4).

The
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technique did not result in the successful separation of heterophils
from other cell types.
The use of lectins to purify subpopulations of chicken leukocytes
from cells previously separated by Ficoll-Paque single-density
centrifugation
The lectins which caused agglutination of leukocytes, which had been
partially-purified by prior Ficoll-Paque centrifugation and treated
with carbonyl iron, were phytohaemagglutinin, Vicia villosa, Maclura
pomifera, Helix pomatia, Bandeiraea simplicifolia, Limulus polyphemus
and wheat germ lectin.

Phytohaemagglutinin and wheat germ lectin

agglutinated lymphocytes more consistently and in larger aggregates
than the other lectins but in all cases some heterophils were
incorporated in the aggregates.

No lectin at any dilution was found

to agglutinate either heterophils or lymphocytes exclusively.
The results of attempts to remove lymphocytes from mixed leukocyte
preparations by absorption onto columns of wheat germ lectin
sepharose 6MB with PBS are shown in Table 3-5.

This procedure

resulted in a substantial loss of leukocytes and no reduction in the
percentage of lymphocytes in the eluates.

Elution of the remaining

cells adherent to the column with N-acetyl glucosamine yielded a
mixture of lymphocytes and heterophils.
Separation of heterophils by flow cytometry from partially-purified
leukocytes

Suspensions of mixed chicken leukocytes from the cold Ficoll-Paque
columns were discriminated by the laser on the basis of their size
and light diffraction into three groups on the oscilloscope screen
(Figure 3-6).

These three groups of cells were considered to be
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thrombocytes with lymphocytes, heterophils and a small group of
monocytes found between the lymphocyte and heterophil areas.
Oscilloscope patterns {cytograms} of populations of heterophils (with
some erythocytes) from samples purified by Percell density gradient
centrifugation are shown in Figure 3-7, and subsequent sorting of the
cells in the selected area on the cytogram confirmed the identity of
these cells as heterophils with only low numbers of contaminating
erythrocytes.

Approximately 8 hours were required to sort and

collect a small sample of heterophils, which represented 45% of the
cells in the selected area of the cytogram.
Functional activity of heterophils separated from the peripheral
blood of chickens
The uptake of latex beads by Ficoll-Paque-separated cells {Figure
3-8) was enhanced by the addition of heated or unheated 10% chicken
serum but this treatment caused marked aggregation of beads; the
addition of 10% BSA did not affect phagocytosis of beads and the
ad�ition of 10% FBS significantly depressed the PI (P <0.05; Table
3-6).

The addition of unheated FBS produced a lower PI than with

heated FBS {Table 3-6).

An increase in the incubation period for the

phagocyto�is assay from 30 minutes to 60 minutes caused an slight
average increase in the PI from 39 ± 19.2 to 69.9 ± 36.6. but the PI
range was wide; the viability of the heterophils in these experiments
at 60 minutes ranged from 80% to 94%.
Phagocytosis assays showed that the heterophils recovered from the C
and D fractions of the Percell density gradients were functional and
capable of phagocytosing lµm latex beads and S. hyicus (Figure 3-9).
The percentage of heterophils from fractions C and D of the Percell
gradients which phagocytosed latex beads averaged 83.3% (range 78% to
90%) with and average PI of 125.3 {range 102 to 147).

!
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The addition

75

of 10% chicken serum to these heterophils caused a marked reduction
in the number of phagocytosing cells to 32.6 % (range 12% to 46%) and
the average PI was reduced to 19.2 (range 2 to 34) compared to that
of heterophils without chicken serum.
Heterophils recovered from fractions C and D phagocytosed S. hyicus
and showed 96% to 100% viablility after 30 minutes of incubation at
37 ° c.

The percentage of heterophils from fractions C and D of the

Percell density gradient which phagocytosed S. hyicus strain 1609 at
a cell density of 1.5 to 5 x 106 heterophils/ml at an incubation
temperature of 37 ° C for 30 minutes, ranged from 22% to

66%

(average

47%) 1 and at an incubation temperature of 42° c for 30 minutes, ranged
from 32% to 71% ( average 47%). After 45 minutes of incubation at
either temperature, more heterophils had disrupted, and the
phagocytic parameters were lower; the range of percent phagocytic
cells was 8% to 43% (average 28%).
The coefficients of variation for the methods of counting the
percentage of cells phagocytosing latex beads and of calculating the
phagocytic index were 4.8% and 8.3% respectively.
Miminisation of erythrocytes and thrombocyte contamination
All the lysing agents used on samples {including dextran-treated
supernatants and gradient fractions) containing large numbers of
erythrocytes, caused lysis of the erythrocytes but many of these
agents also injured leukocytes causing cytoplasmic vacuolation and
some karyolysis.

The most satisfactory procedure for the removal of

erythrocytes was the addition of 0.28% saline in proportions of 4
parts saline to 3 parts semi-purified leukocytes containing
eythrocytes; the latter were derived from dextran-treated blood
samples. Lysis was allowed to proceed for 15 minutes, then samples
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were separated by centrifugation on 55% Percell columns for 15
minutes at 800 x g.

This produced a haemolysed supernatant, a layer

of lysed nuclear debris on top of the 55% Percell and a pellet
containing leukocytes and a few intact erythrocytes.

Most

thrombocytes were also lysed by this procedure, but monocytes and
heterophils were vacuolated.

Subsequent separation of these saline

treated leukocytes on discontinuous Percell gradients demonstrated an
apparent increase in density of lymphocytes, as they appeared at the
interface of the 60% and 73% Percell layers rather than at the top of
the 60% Percell layer.
To eliminate or minimise thrombocytes from samples of blood or semi
purified leukocytes, three techniques resulted in a marked reduction
in thrombocytes; lysis with 0.28% saline as described above,
treatment with carbonyl iron, and separation on 55% Percell.
Subsequent function of heterophils following this treatment was not
assessed.

A fourth procedure, defibrination of whole blood at the

time of collection, was not found to be a suitable procedure as many
heterophils were entangled in the thrombocyte-fibrin aggregate and
the yield of heterophils was reduced by 35%.
Separation, culture and function of adherent mononuclear cells from
the peripheral blood of chickens
The culture of adherent MN from peripheral blood onto sterile glass
coverslips was achieved by selective adherence of suspensions of
cells collected from fraction A of the Percell gradients.

These

suspensions contained a mixture of thrombocytes, lymphocytes,
monocytes and some granulocytes.

The MN grew better in media

supplemented with 12% FBS than with 0%, 5%, 10% FBS and 20% FBS.
Adherent MN appeared to increase slightly in size but did not form
monolayers during the maximum time cultured (7 days).
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The cultured MN were identified morphologically (Figure 3-10) and by
alpha-naphthyl acetate esterase stain (Figure 3-11).

They were

functional and phagocytosed bacteria {Figure 3-12), with 90% of cells
phagocytosing S. hyicus strain 1609 {PI 128.2) and 80% of cells
phagocytosing S. aureus strain 1036 (PI 97.5).
DISCUSSION
Heterophils were successfully separated from the peripheral blood of
chickens by two procedures; discontinuous Percell gradient
centrifugation and flow cytometry. Percell gradient centrifugation
was the quicker and less expensive of the two methods and for
practical reasons it was the method adopted for the preparation of
purified heterophils used in subsequent phagocytosis experiments
(reported in Chapters 4 and 6). Flow cytometry, however, produced
heterophil subpopulations of higher purity than Percell density
gradient centrifugation.
Although the heterophils in the C and D layers of the Percoll
gradients comprised more than 96% of the leukocytes in these
fractions, and more than 96% of these cells were viable, there was
some erythrocyte contamination.

It was noted that erythrocyte

contamination was minimal in peripheral blood samples taken from
chickens which had not been bled previously; in chickens which were
repeatedly bled, younger and lighter density erythrocytes appeared in
the C and particularly in the D fractions.

This was probably due to

the regenerative erythroid response and an increase in numbers of
circulating immature erythroid cells: Gazzola et al (1979) reported
that polychromatic erythroblasts from chickens were of the same
density as granulocytes.

Similar findings have been reported for

canine reticulocytes and granulocytes (Weiss et al 1989).

-,
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Dextran was used in an attempt to reduce the number of erythrocytes
in the blood samples prior to their addition to the Percoll
gradients.

However, dextran caused a marked reduction of both the

total yield of heterophils and the yield in fraction C (Table 3-2).
This may have been due to agglutination of heterophils by dextran as
was reported by Cutts {1970). Although it may have been possible to
reduce the agglutination by the addition of streptokinase (Fallon et
al 1962), the low heterophil recovery, marginally lower viability in
the C fraction and presence of many erythrocytes in the Percell
gradient fractions after dextran treatment indicated that dextran

treatment was unsatisfactory for the efficient separation of avian
heterophils needed for the purpose of this study.
The heterophiis recovered in the C and D fractions represented only
12.9% (range 9% to 19%) of the total heterophils in the peripheral
blood samples.

The recovery could have been increased to 19.4%

(range 12% to 28%) by the inclusion of fraction B but this fraction
contained more basophils, monocytes and occasionally larger
thrombocytes which were undesirable in the phagocytic assays.

The

yield of chicken heterophils detected in the current study was less
than the previously reported recovery of neutrophils from human blood
using Percoll density gradient centrifugation, where yields of 55%
(Hjorth et al 1981), 68% (Giudicelli et al 1982) and 84% {Dooley et
al 1982) were obtained.

A lower yield of 15% was reported from human

blood by Ellis et al (1984) and was attributed to daily variation in
differential leukocyte counts.

There are no reports of the yields of

chicken leukocytes under similar conditions.
A number of factors may have contributed to the low recovery of
leukocytes from the peripheral blood of chickens by Percell gradient
centrifugation, including the number and concentration of cells
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applied to the gradient, the reliability of the method of manually
determining total leukocyte and differential counts, loss of
leukocytes due to adherence to the sides of glass and plasticware,
and leukocyte agglutination.

Firstly, in the current study, the

number of leukocytes applied to the 6 ml Percell gradi�nts {<3.5 x
107 ) was less than the optimal level of 5 x 107 nucleated cells

previously recommended for application of mammalian blood samples
onto an 8 ml Percoll gradient {Pertoft and Laurent 1982).

The

chicken blood, however, contained additional nucleated erythrocytes
which could not be readily removed, and this factor may have
contributed to the reduced yields by overloading the gradient.

An

inaccurate counting technique was unlikely to be a significant cause
of the low yield; the coefficient of variation for the manual method
of counting leukocytes with a haemocytometer was 1 7 .4% and this
compared favourably to the standard reference value of 20% for the
method (Dacie and Lewis 1974).

The characteristic bright appearance

of heterophils on phase microscopy also assisted in the
differentiation of these cells from other leukocytes.

Secondly,

adherence of heterophils to the sides of glass and plasticware used
may have been partly responsible for the low yields of heterophils:
the glassware used was not siliconised; adherence can be reduced by
siliconising glassware and utilising wider bore tubes {Pretlow and
Pretlow 1982). Visible adherence of leukocytes to the sides of the
tubes was observed in fraction A of the Percell gradients but this
may have been due to the presence of numerous thrombocytes in this
fraction which could have adhered and trapped other leukocytes,
particularly heterophils.

In an effort to decrease leukocyte

adherence to the plastic and increase the recovery of leukocytes
during Percell density gradient centrifugation, the blood was diluted
two-fold in RPMI 1640 medium prior to addition to the gradients;
leukocyte adhesiveness was reported to decrease when blood is diluted
two- or three-fold prior to separation (Sanderson 1982).

Initial
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dilution of the blood also reduces cell clumping and increases
sedimentation rates, resulting in an increase in the recovery of
leukocytes (Boyum 1968a and b).

Some cell loss is unavoidable in

samples from parallel-sided tubes because of the effect of
centrifugal forces enhancing cell aggregation and adherence at the
periphery of the centrifuge tube causing the "wall effect" (Pretlow
and Pretlow 1982). Thirdly, leukocyte agglutination may also have
contributed to the low yields of leukocytes in the Percell gradients.
Leukocyte agglutination was marked when lipaemic blood samples were
used and may have been exacerbated by the heparin anticoagulant.
Heparin causes clumping of mammalian leukocytes and platelets at low
concentrations (Cutts 1970), although the level of heparin inducing
these changes varies with the species (Cutts 1970) and with the batch
of heparin (Bessis 1955).

The amount of heparin used in the current

studies (100 to 200 I.U./ml) was greater than the 10 I.U./ml
recommended for mammalian blood (Boyum 1968a) but use of up to 10
times this amount has been reported (Cutts 1970). Despite these
disadvantages, heparin is considered the anticoagulant of choice for
isolating functional leukocytes as the chelation of calcium'by other
anticoagulants is known to inhibit phagocytosis (Cassen et al 1958).
Another probable explanation for the low recovery of heterophils from
the Percoll gradients was that the heterophils were heterogeneous in
density {Table 3-1) and were located in all five fractions of the
Percoll gradients.

Although there were procedural differences in the

Percell density gradient centrifugation used in studies with human
blood compared to those adopted in the current study, including the
use of-swing-out rotors instead of fixed-angle-head rotors and the
increased number of nucleated cells applied to the gradients because
of the presence of nucleated thrombocytes and erythrocytes, human
neutrophils in peripheral blood are found to be more uniform in
density and the majority are detected in only one Percoll fraction
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(Pertoft et al 1968; Olofsson et al 1980; Dooley et al 1982; Ellis et
al 1984).

The variation in density of chicken heterophils found in

the Percell gradients in the present study may reflect distinct
subpopulations of heterophils with different function, maturation or
granule content.

Marked heterogeneity in the functional and

antigenic properties of human neutrophil subpopulations is known to
occur (Ball et al 1982;

Howard 1982; Stavem and Dahl 1984; Berkow

and Dodson 1986) and may be even more marked in chicken heterophil
populations.
While the density of the heterophils appeared to vary, no
morphological differences were observed in the chicken heterophils
from the various Percell fractions which might indicate maturation
differences.

The density variation may have been caused by a

variation in granule content: a large variation in the size and
variety of chicken heterophil granules was observed.

There was some

equivocal evidence for a functional difference in avian heterophil
subpopulations as the PI of the lighter heterophils from the Ficoll
Paque gradient was less than the PI of cells in the Percell fractions
c·and D; however, such a comparison is not entirely valid as the two
cell populations were separated by different methods.
Laser light flow cytometry was previously reported by Glick et al
(1985) to discriminate avian heterophils, the identity of which was
confirmed by a comparison of heterophils separated by Ficoll-Paque
density centrifugation.

In the present study, laser light flow

cytometry also yielded populations of purified heterophils which were
suitable for use in phagocytosis experiments.

Although a 40% yield

on cell sorting based on cell size or axial extinction was obtained 1
the technique was not used routinely because of the time constraints,
and Percoll density gradient centrifugation was preferred.
Successful cell sorting requires a slow single-cell flow rate not

'
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exceeding 3000 cells/second (Nicola 1982) and therefore the time
required for the separation of cells from the whole blood of chickens
by this method was not practical and prior partial purification of·
the leukocytes by other techniques would be required.

There were

also other problems associated with the technique: the presence of
nucleated erythrocytes in chicken blood caused difficulty in
identifying cells.

Erythrocytes appeared close to the heterophil

population on the cytogram as demonstrated by the overlap of dot
patterns shown in Figure 3-7 when Percell-separated heterophils
containing erythrocytes were used and not when Ficoll-Paque-separated
leukocytes were used (Figure 3-6).

It is possible that a

granulocytic cytoplasmic dye such as acridine orange or eosin could
be added to the preparations to assist in the separation of these two
cell types.

Further studies would be required to identify the

location of other avian leukocytes in the cytograms, particularly
eosinophils and basophils.
Apart from Percell density gradient centrifugation and laser light
flow cytometry, none of the other techniques which were attempted
provided satisfactory purification of heterophils from the peripheral
blood of chickens.

The use of continuous Ficoll 400 gradients,

although used by Noble and Cutts (1968), resulted in heterophil
populations which were too contaminated with thrombocytes for the
purpose required.

Ficoll-Paque proved easier to use than Ficoll 400

gradients, and the use of Ficoll-Paque at 4 ° C resulted in increased
heterophils in the leukocyte layer but also resulted in contamination
with thrombocytes and other leukocytes which proved difficult to
remove.

Carbonyl iron treatment of cells recovered from Ficoll-Paque

reduced but did not totally eliminate thrombocytes and monocytes from
this leukocyte layer, and this treatment also reduced the yield of
heterophils.

As carbonyl iron treatment seemed to remove more

monocytes and thrombocytes than heterophils from the Ficoll-Paque-
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separated leukocytes, the results suggest that heterophils may be
less phagocytic for carbonyl iron than monocytes and thrombocytes.
Lectins, which bind non-covalently with specific carbohydrate binding
sites on cells, theoretically could be used to selectively
agglutinate specific subpopulations of cells in peripheral blood and
aid in the differential selection of particular leukocyte types.
the current study, however, their use was not advantageous.

In

Several

of the lectins used in the current study have been reported to
agglutinate specific subpopulations of avian leukocytes: peanut
agglutinin was reported to be selective for T lymphocyte subgroups in
chickens {Schauenstein et al 1982); lotus agglutinin was reported to
strongly agglutinate chicken bursa! lymphocytes but not lymphocytes
from peripheral blood, thymus or spleen {Flower and Wilcox 1981);
• conconavalin A was reported to selectively bind to chicken
macrophages and heterophils but not bursal lymphocytes or cells from
the glands of Harder (Greenfield et al 1988).

In the present study,

concanavalin A was not found to agglutinate peripheral blood
lymphocytes or heterophils, and none of the lectins used agglutinated
either lymphocytes or heterophils exclusively.

Only wheat germ

lectin, a marker for B cells in mice {Schnebli and Dukor 1972),
appeared to specifically agglutinate a subpopulation of peripheral
blood lymphocytes from chickens (Table 3-5).

However, even though

wheat germ lectin agglutinated lymphocytes strongly, the use of wheat
germ lectin Sepharose affinity chromatography to further purify
heterophils (which had been partially purified by Ficoll-Paque
single-density centrifugation and carboriyl iron treatment) resulted
in variable cell yields (Table 3-5) and only a slight increase in the
percentage of heterophils in the eluates.

This may have been due, in

part, to the use of heparin as an anticoagulant as chemical
anticoagulants are known to cause agglutination and defibrinated
blood samples are preferred for leukoagglutination studies by some
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workers (Dausett et al 1953).
In attempting to reduce erythrocyte and thrombocyte contamination of
a variety of partially-purified blood samples and gradient fractions 1
lysis of erythrocytes with 0.28% saline was found to be successful
and convenient, as it also lysed thrombocytes, but it required a
second clarification on a 55% Percell gradient to remove nuclear
debris.

The saline treatment also resulted in cytoplasmic

vacuolation in heterophils and monocytes, suggesting that their
function may have been impaired.

All the haemolysing agents used

induced concomitant damage to the leukocytes and this result is
consistent with reports by Thorsky (1967) that hypotonic lysis with
as much as 0.6% saline reduced leukocyte viability by 25 % (Thorsky
1967).

In addition, haemolysis of samples prior to leukocyte

separation on Percell gradients may not be desirable, as Ferrante and
Thong (1982) found that the presence of erythrocytes in mammalian
whole blood was necessary for the successful separation of MN and PMN
on Ficoll-Hypaque gradients.
When defibrination was used to eliminate thrombocytes from peripheral
blood samples (in order to reduce the thrombocyte contamination of
gradient fractions), an unsatisfactory loss of leukocytes within the
thrombocyte aggregates occurred.

A similar loss of granulocytes was

reported by Cutts (1970), when using optimal conditions for the
defibrination procedure.

Although the defibrination process has the

advantage of not interfering with the phagocytic function of cells
(Cutts 1970), the loss of leukocytes and the time involved made it
unsuitable for use in this study.
The main object of the phagocytosis experiments performed in this
current study was to establish the functional capacity of the cells
which were purified.

A high proportion of the heterophils separated
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by Percoll density gradient centrifugation were shown to be
functional by their ability to phagocytose latex beads and S. hyicus.
However, in the experiments which were performed to optimise the
phagocytosis of latex beads and S. hyicus by the purified
heterophils, considerable variation was encountered in the results,
depending upon the technique used.

There was also a variation in the

phagocytic rates of latex beads of heterophils from different
chickens and it was apparent that pooled leukocytes from as many
chickens as possible should be used to minimise this source of
variation.

A similar variation and a day-to-day variation in

phagocytic rates has also been reported in other species (Paape et al
1978; Paape and Pearson 1979).
The conditions for optimal phagocytosis of latex beads by heterophils
from the Percoll fractions C and D involved no additional serum or
albumin, a 30 minute incubation period and cells which were pre
heated to 37 ° C.

Conditions which permitted slight clumping of beads

(two to six beads per group), such as occurred with PBS or culture
medium alone, appeared to result in consistently better phagocytic
indices than conditions in which either no clumping occurred. (such as
when unheated FBS was added}, or when very large clumps formed
{detected when chicken serum or heated FBS were added).

A large number of factors may affect the rates of phagocytosis
measured, including different concentrations of heterophils, the
proportions of heterophils to bacteria, shaking rates during
incubation of the samples (Guidry et al 1974) and incubation
temperature.

Although an incubation temperature of 42 ° C is closer to

the average body temperature of chickens than 37 ° C, the phagocytosis
of latex beads at an incubation temperature of 37 ° c appeared
preferable to incubation at 42 ° C and there were fewer disrupted cells
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detected in Wright-stained smears at 37 ° c than at 42 ° c.
The MN culture technique used resulted in the successful
establishment of adherent MN from peripheral blood.

On the fifth and

sixth days of culture the MN were functional and capable of
phagocytosing staphylococcal species.

Cultures older than 6 days

were not used as transformation into epitheloid-macrophages and
multinucleate giant cells is reported to occur in older cultures,
especially when maintained on high levels of chicken serum (Sutton
and Weiss 1966); epitheloid cells are known to have reduced
phagocytic ability (Mariano and Malucelli 1980).

The culture

procedure used in the current study differed from methods described
by Bulow et al (1984) and Osdoby et al (1982) in that the media
contained 12% and not 10% and 15% FBS as reported, respectively, by
these authors.

This suggests that different batches of FBS should be

checked to determine the optimal concentration required for culture.
In the current study, chicken serum was excluded from the medium.

In

earlier studies, Sutton and Weiss (1966) used 40% chicken serum in
Eagle's medium to culture monocytes from the peripheral blood of
chickens (separated by albumin flotation) but found rapid
transformation to epitheloid and multinucleate giant cells.
Multinucleate cells were not seen in the cultures in the present
study although they were reported to occur in chicken peripheral
blood monocytes maintained in culture for 3 days by Osdoby et al
(1982).

In the present study, the non-adherent cells, lymphocytes

and thrombocytes were not removed until 24 hours after the cells were
added to the dishes, instead of 2 hours and 12 hours as reported by
Bulow et al (1984) and Osdoby et al (1982), respectively.

The longer

contact time was chosen as recent studies (Yiu and Yamazaki 1986)
have shown that macrophage growth in culture was enhanced by products
from effete cells and from both cell lysates and precipitates
released from sonicated cells, thus suggesting that scavenging by
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macrophages may stimulate cell proliferation in vivo.
Chicken serum was not used in the assay to detect phagocytosis of
staphylococci by the cultured adherent MN because of the potential
interference by antibodies on further bacterial and viral studies.
This decision may have been disadvantageous as Dodge and Sharma
(1985) postulated the presence of a macrophage differentiation factor
in chicken serum: in their studies of leukaemic clones induced by
avian myeloblastosis virus they demonstrated that 10% chicken serum
was necessary for the growth of monocytic clones, whereas in the
absence of serum only granulocytic clones were produced from marrow
cells which were considered to have a common progenitor.

Akiyama et

al (1988) also demonstrated delayed maturation of cultured human
monocytes in serum-free conditions.

Serum-free conditions, however,

are considered desirable for the complete control of the culture
environment by eliminating the variations associated with different
batches of FBS and for studies on the effects of specific growth
factors (Freshney 1986).

!
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Table 3-1. Type and distribution of leukocytes recovered fro1 peripheral blood by Percoll density
gradient centrifugation. Results are the 1ean percentage (and range) of results fro1 16 separate
experi1ents.
Percell gradient fraction

Cell type

C

D

E

A

B

9.3 (1-181

78.3 (46-96)

96.9 (90-100)

Basophils

10.1 (1-22)

15.8 (1-38)

2.5 (0-10)

0.2 (0-2)

0.2 (0-2)

Lymphocytes

57.0 (36-91)

3.7 (0-27)

0.2 (0-2)

0

0

Monocytes

17.0 (1-48)

1.5 !0-lOl

0.4 (0-4)

0

0

0

0

0

Heterophils

Eosinophils

5.4 (1-19.5) 0.8 (0-4)

99.8 (98-100) 99.7 (96-100)

Thrombocytes

Marked

Rare

Nil

Nil

Erythrocytes

Rare

Rare

Moderate

Moderate

Nil
Marked
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Table 3-2. The effect of dextran treat1ent of peripheral blood on the percentage distribution, yield* and viability
of total leukocytes recovered in Percoll density gradient fractions.
Parameter

Distribution of
total
Nil
leukocytes
(percent± SD) Dextran

6.3 (± 2.5)

8

89.3 (± 4.4)

3.4 (± 1.6)

1.4 (± 1.1)

1.6 (± 0.9)

4.3 (± 3.1)

NSD

NSD

7

NSD

NSD

2.6 (1.6-3.7) 2.3 (1.1-3.7) 1.9 (0.8-2.8} 5.7 (2.9-8.3)

74.4 (47-97) 2.5 (1.1-3.9) 0.8 (0.3-1.2) 1.2 (0.1-2.2) 3.5 (1.4-9.9)

NSD

NSD

0.009

NSD

NSD

5

98

99

96

98

97

I

98

93

93

97

100

,

NSD denotes no significant difference.
* Yield is calculated as the percentage of cells applied to the Percell gradients.
P denotes the probability that the two treatments are significantly different.

I

I

E

1.8 (± 1.5)

68 (43-96)

Dextran

D

2.3 (± 1.3)

Nil

Nil

C

3.1 {± 1.4)

NSD
Dextran

B

86.5 {± 5.4)

p

Viability
(percent)

A

8

p

Yield
(percent
and range)

Percell gradient fraction

Treatment
Number of
of peripheral samples
blood
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Table 3-3. Effect of treat1ent of peripheral blood 1ith dextran on the percentage of
heterophils recovered* in Percoll density gradient fractions. The results are the 1ean result
(and range) of five tests without dextran and seven tests with dextran treat1ent.
Percent recovery of heterophils

Treatment

Percoll gradient fraction
B

C

Total

D

E

Nil

24.0 (7-36)

6.5 (3-9)

6.8 (6-8)

6.1 (3-11) 18.6 (9-32)

64.9 (43-45)

Dextran

10.6 (2-42)

5.1 (3-8)

2.4 (1-31

3.5 (1-10)

9.2 (HO)

29.5 (15-63)

0.009

NSD

NSD

pu

NSD

NSD

0.015

* Percentage recovery was calculated as a percentage of heterophils applied to the gradients.
**Pis the probability value of the statistical significance of the differences between
result using peripheral blood with and without treatment with dextran.
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Table 3-4. The effect of carbonyl iron treatment of the leukocyte layer
separated by Ficoll-Paque centrifugation on the total number and distribution
of leukocytes. Results for the total leukocytes are the mean of two samples
and for the leukocyte distribution are the mean± standard deviation of four
samples.
Parameter
Total leukocytes (x10 6 /ml)

I

6 .5

After carbonyl iron
treatment
3.0

Percent heterophils

35.5 (± 5.3)

50.5 {± 5.7)

Percent lymphocytes

42.0 (± 12.0)

41.3 (± 8.6 )

Percent monocytes

5.5 (± 2.6 )

Percent basophils

13.5 (± 5.8)

Percent eosinophils

!

Before carbonyl iron
treatment

3.5 (± 4.0)

1.5 (± 1.3)
6 .5

(± 8.3)

0.8 (± 1.5)
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Table 3-5. Recovery of leukocytes from wheat germ lectin Sepharose
columns after the application of carbonyl iron-treated leukocyte
preparations separated by Ficoll-Paque centrifugation r and subsequent
elution with PBS. Results are the mean of four tests where the standard
deviation is given, and the mean of two tests where the standard
deviation is not given.
Parameter
Total leukocytes (x10 6 )
Percent heterophils
Percent lymphocytes
Percent monocytes
Percent basophils
Percent eosinophils

I

I

After carbonyl
iron treatment

First
eluate

Second
eluate

Third
eluate

3.0

1.4

0.7

50.5 (± 7.5)

50.5 (± 12.0)

55.0

52.5

0.2

41.2 (± 8.6)

46.7 (± 13.7)

39.5

46.0

1.5 (± 1.3)

0.2 {± 0.5)

2.0

0

6.2 (± 8.3)

2.5 (± 2.5)

3.5

1.5

0

0

0.7 (± 1.5)

0
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Table 3-6. Effect of seru1 additives on the phagocytosis of 1µ1 latex beads by chicken
heterophils separated by Ficoll-Paque centrifugation. Results for heated and
unheated FBS are the 1ean ± standard deviation of four tests and for bovine seru1 albumin
and chicken seru1 are the 1ean of two tests.

Treatment

Phagocytic cells
(percent)

Phagocytic index

Control*

Treated

Control*

Treated

Unheated chicken serum (10%}

40.0

94.0

11.7

Heated chicken serum {10%)

40.0

152.0

90.0

11.7

121.9

Bovine serum albumin (10%)

40.0

35.0

11.7

Unheated FBS (10%)

49.2 (± 14.81

9.0

18.0 (± 5.6)

32.3 (± 22.8)

1.6 (± 0.3)

Heated FBS (10%)

49.2 (± 14.8)

32.0 (± 12.2)

32.3 (± 22.8)

11.5 (± 12.9)

* Serum was absent from control samples.
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Percoll
fractions

Plasma
and
RPM1 1640
medium

A

60% Percell
B
C
D

73% Perce 11
80% Percell

E

Fig. 3-1.

Leukocyte fractions separated from the peripheral blood of

chickens by centrifugation on Percell density gradients. Heterophils
were concentrated in the C and D fractions.
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D

Fig. 3-2.

The appearance of leukocytes in Percell fractions. Wright's

stain, x 1500 magnification. A: fraction A containing predominately
thrombocytes and lymphocytes. B: fraction B showing a mixture of
monocytes, large thrombocytes and some lymphocytes. C: fr�ction C
containing heterophils and erythrocytes.
erythrocytes and heterophils.

D: fraction D containing
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Fig. 3-3.

The appearance of heterophils by phase contrast microscopy

using a positive low contrast objective; x 920 magnification.

Fig. 3-4.

Electron microscopy of chicken peripheral blood heterophils

collected from fraction C of the Percoll gradient. Ax 10,300, Bx
30,970 magnification. Note the bilobed nucleus, cytoplasmic
pseudopodia (p) and granules. Primary granules (a), secondary
granules {b} and tertiary granules {c} are indicated.
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A

Fig. 3-5.

Electron microscopy of chicken peripheral blood basophils

and monocytes in fraction B of the Percoll gradient. A: monocyte and
basophil x 10,300 magnification.

In the monocyte, note the presence

of mitochondria (m), rough endoplasmic reticulum (r) and dense
lysosomes (ly). B: basophil x 30,000 magnification.

Note the four

types of cytoplasmic granules: (a) very electron dense; (b) less
dense, mottled and most numerous; (c) forming a loose web or network;
(d) .forming whorls or laminations.
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Fig. 3-6.

Cytogram of mixed leukocytes separated from the peripheral

blood of chickens on Ficoll-Paque single-density gradients at

4°c.

The selected population shown represented heterophils. Lymphocytes,
thrombocytes and monocytes were represented as dot clusters towards
the Y axis.

X axis - cell complexity based on 90° light scatter.
Y axis - cell size based on axial light extinction.

100

60

-

2

40

2(1

6(1

Fig. 3-7.

Cytogram of chicken peripheral blood heterophils collected

from fraction C of the Percell gradient, with heterophils represented
in area 2 and erythrocytes in area 1.
X axis - cell complexity based on 90° light scatter.
Y axis - cell size based on axial light extinction.
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Fig. 3-8.

Phagocytosis of lµm latex beads by chicken peripheral

blood heterophils and thrombocytes separated by Ficoll-Paque single
density gradient centrifugation and carbonyl iron treatment.
Wright's stain, x 720 magnification.

Fig. 3-9.

Phagocytosis of S. hyicus strain 1609 by chicken peripheral

blood heterophils recovered from fractions C and D of the Percell
gradient. Wright's stain, x 720 magnification.
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Fig. 3-10.

Mo�phology of 5-day-old cultures of adherent mononuclear

cells from the peripheral blood of chickens. Diff Quik stain; Ax
370, Bx 1500 magnification.
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Fig. 3-11.

Alpha-naphthyl acetate esterase stain of 5-day-old

cultures of adherent mononuclear cells from the peripheral blood of
chickens; x 370 magnification.

Fig. 3-12.

Phagocytosis of S. aureus strain 1036 by 5-day-old

cultures of adherent mononuclear cells from the peripheral blood of
chickens.

Diff Quik stain, x 370 magnification.

104

CHAPTER 4: COMPARISON OF THE PHAGOCYTOSIS AND KILLING OF PATHOGENIC
AND NON-PATHOGENIC STRAINS OF STAPHYLOCOCCI BY CHICKEN LEUKOCYTES

INTRODUCTION
Studies by Kibenge et al (1983) on the pathogenicity of four strains
of staphylococci isolated from tenosynovitis lesions in chickens
showed that following intravenous injection into specific-pathogen
free (SPF) chickens, two strains with frequently detected phage
patterns proved to be highly virulent and two strains with
infrequently detected phage patterns were non-virulent: virulence was
assessed by persistent bacteraemia, lesions and mortality.
Several factors are known to influence the virulence and
pathogenicity of staphylococci.

In human strains of S. aureus there

is an inverse relationship between the length of the phage pattern
and pathogenicity (Zierdt et al 1982).

In avian strains, various

biochemical characteristics including enterotoxins, coagulase type
and intracellular esterases are associated with pathogenicity (Sato
et al 1972; Gibbs et al 1978).

Avian strains which are otherwise

non-pathogenic can survive in remote sites such as cartilage and bone
marrow in chickens and turkeys (Wise 1971} and in mammals there is
also evidence that some strains of staphylococci may persist within
the cytoplasm of phagocytic leukocytes (Shayegani and Kapral 1962;
Adlam et al 1970; Gladstone et al 1974; Woolcock 1979), and this may
modify their pathogenicity.

Some strains of staphylococci contain

leukocidins (Carter 1986) which may also affect their survival in

vivo.

In chickens, both heterophils and macrophages are capable of

phagocytosis and have been shown to phagocytose staphylococci (Glick
et al 1964; Carlson and Allen 1969; Topp and Carlson 1972c; Nair
1973).

Studies have demonstrated, both morphologically (Topp and

Carlson 1972c) and by a reduction in bacterial colony counts (Brune

i
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et al 1972), that the bacteria ingested by heterophils are destroyed.
This destruction was specifically attributed to the content of
heterophil primary granules (Brune and Spitznagel 1973).
The reasons for the difference in virulence between the four strains
of staphylococci investigated by Kibenge et al (1983) were not
defined.

However, as staphylococcal strains which were apparently

non-virulent were originally isolated from chickens with severe
tenosynovitis lesions, it is suggested that factors may have been
present in the affected chickens which modulated the virulence of
these strains.

Conversely, factors may have been present in normal
In natural outbreaks of

chickens which suppressed these strains.

tenosynovitis in chickens, the lesions contain a large number of
heterophils (Kibenge et al 1982a) and bacteria persisted in the
presence of these phagocytic cells.
In this chapter, the role of avian phagocytes in the destruction of
the four staphylococcal strains was investigated to determine if
there was a relationship between their susceptibility to phagocytosis
and the virulence of the strains.

The specific aims of the study

were to develop an assay for the bactericidal activity of chicken
heterophils, to determine if there were differences in the survival
of the four staphylococcal strains on exposure to heterophils, and to
determine if there were differences in the phagocytosis of these
strains by adherent mononuclear cells (MN) derived from the
peripheral blood of chickens.
MATERIALS AND METHODS
Bacteria
The four strains of staphylococci used were isolated by Kibenge et al
(1982a) from commercial chickens affected with tenosynovitis.

!
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path�genicity and phage characteristics of the bacteria have been
previously described (Kibenge et al 1983); two strains of S. aureus,
1781 and 103 6 , isolated from synovial exudates were of a phage type
commonly isolated from tenosynovitis-affected chickens and were
highly pathogenic; two strains, S. aureus strain 1333 and S. hyicus
strain 1609 were isolated from heart blood and tendon fluid,
respectively, of chickens with tenosynovitis and had phage patterns
which were infrequently encountered in the tenosynovitis syndrome and
were non-pathogenic (Kibenge et al 1982a}.
Stocks of each bacterium were stored in a mixture of equal volumes of
glycerol and brain heart infusion broth (Oxoid Ltd., Basingstoke,
England) at -70 ° C and were cultured on sheep blood agar when
required.

Isolated colonies from the blood agar plates were

subcultured into tryptone soya broth (TSB; Oxoid Ltd., Basingstoke,
England) and incubated for 4 hours with continuous gentle
shaking, for use in all experiments. Four hours of growth was chosen
as the bacteria were shown to be in the log phase of growth at this
time.

Prior to use in the bactericidal assays, the bacteria were

washed twice with TSB, resuspended in 5 ml TSB and opsonised by the
addition of normal chicken serum (NCS; 0.5% final concentration) and
incubated at 37 ° C for 30 minutes, washed again in TSB and adjusted to
a concentration of 8 to 9 x 106 bacteria/ml.
Bacterial counts
The number of bacteria in suspensions was measured either by a
haemocytometer method or by determining the number of colony forming
units (CFU).

For the haemocytometer method, bacterial suspensions

were diluted in TSB and counted using an improved Neubauer
haemocytometer chamber (Weber, England).

The number of CFU in

bacterial suspensions was determined by making serial 10-fold

:
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dilutions of the bacterial suspensions in TSB at room temperature,
from an initial 1:100 to 1:10,000 dilution, and evenly distributing
0.1 ml of each dilution over the surface of two nutrient agar plates.
The plates were incubated at 37 ° C for 18 hours, and the concentration
of bacteria calculated as the average number of bacteria in the
highest dilution producing between 50 and 300 colonies multiplied by
the dilution factor.

A comparison of haemocytometer and CFU counts

was made for all four strains of staphylococci and the results
analysed by a paired t test and linear regression analysis.

The

coefficients of variation for the procedures were calculated using
seven replicate counts of samples held at room temperature {25 ° C).
A comparison of the use of TSB or PBS for washing and diluting the
bacteria was made using S. hyicus strain 1609.
Effect of lytic agents used in the bactericidal assay on bacteria and
avian leukocytes
The use of several lytic agents to release phagocytosed bacteria
from avian leukocytes was investigated: the effect of these agents on
the viability of bacteria and the morphology of leukocytes was
examined to determine the optimal conditions under which leukocytes
could be lysed without changing the number of CFU recovered from the
solution.

The lysing solutions used were double distilled water

{DDW}, 0.01% bovine serum albumin (BSA} in DDW and 0.05%, 0.1% and
0.2% dilutions of Triton X-100 (BDH Ltd., Poole, England} in PBS.

A

0.01 ml volume of a suspension of washed 4-hour-old TSB cultures of

strain 1609 (concentration 5 x 10 7 bacteria/ml) was mixed with each
lysing solution for 1, 5, 10 and 15 minutes at 0 ° C and room
temperature {25 ° C}.

At the end of each period, aliquots were

withdrawn and the number of CFU determined as described above and
counts compared to those from control samples.

To examine the effect
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of each lysing solution on leukocyte morphology, a 0.1 ml volume of
fresh blood was mixed with each lysing solution and incubated at 0 ° C
and room temperature for 1, 5, 10 and 15 minutes. At the end of each
period, wet smears were prepared and the morphology of the leukocytes
examined by phase contrast microscopy.
Normal chicken serum
One large stock of normal chicken serum (NCS) was collected from
eight mature SPF chickens bled by cardiac puncture.

The serum was

filtered through a 220 nm membrane filter, pooled and stored in 0.2
ml aliquots at -70 ° C. Agglutination tests were performed by making
serial two-fold dilutions of serum in PBS in U-bottomed microtitre
trays (Disposable Products, Adelaide, South Australia) and adding
equal volumes of heat-killed bacteria (heated at 60 ° C for 1 hour) at
a concentration of approximately 5 x 10 8 bacteria/ml. Agglutination
was detected visually after incubation of trays at either room
temperature or 37 ° C for 30 minutes. Agglutination of the
staphylococci inactivated with 0.3% formaldehyde at 60 ° C for 1 hour
in serial dilutions of the NCS was also assessed by microscopic
examination of wet smears of each dilution. The presence of
precipitating antibody was evaluated by an agar gel
immunoprecipitation tests using sonicated staphylococci as an
antigen.
The effects of the addition of 10% NCS on the survival of opsonised
bacterial strains 1609 and 1036 were determined by counting the
number of CFU after 60 minutes incubation at 37 ° C and comparing the
results to controls in which an equivalent amount of PBS was added.
The results were analysed by a student's t test.
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Chicken heterophils
Twelve mature SPF chickens were maintained in a controlled
environment and used as a source of peripheral blood for these
experiments.

When required, peripheral blood samples were collected

from at least four randomly selected chickens using heparin as an
anticoagulant and the heterophils separated by Percell density
gradient centrifugation as described previously (Chapter 3).

The

heterophils present in the C and D fractions of the gradients
(Chapter 3) from individual chickens were pooled, washed twice in
antibiotic-free RPMl 1 6 40 medium, counted using a haemocytometer
chamber and phase contrast microscopy and adjusted to a concentration

of 9 x 10 6 cells/ml.

The RPMI 1 6 40 medium was prepared without

antibiotics, stored in aliquots at -20 ° C and sterilised by filtration
through a 0.2 µm average pore diameter membrane filter immediately
prior to use.
Bactericidal assay
A 0.1 ml volume of the opsonised bacterial suspension (8 to 9 x 106
bacteria/ml) at 37 ° c was added to 0.9 ml of_the heterophil
preparation (9 x 10 6 cells/ml) at 37 °C, providing a heterophil to
bacteria ratio of 10:1, in sterile siliconised glass tubes (120 mm x
15 mm) with screw-cap lids.

To assess the effect of the addition of

NCS to the assay, 0.1 ml of freshly thawed NCS (final concentration
10%) was added when required.

In bacterial control preparations, 0.9

ml RPM! 1 6 40 medium was substituted for the heterophil preparation.
The samples were continuously mixed at 100 shakes per minute in a
shaking water bath (Paton Industries, Stepney, South Australia) at
37 ° C.

At 0, 90 and 120 minutes the samples were thoroughly mixed in

a vortex mixer, 0.05 ml was removed and immediately diluted in 5 ml
of 0.1% Triton X-100 in PBS, serially diluted in TSB and the number

!
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of CFU determined.

One leukocyte pool was used for assays for each.

of the four staphylococcal strains on each day of testing.
Changes in the concentration of viable staphylococci were calculated
by subtracting the number of CFU/ml at 90 and 120 minutes from the
CFU/ml at O time using values converted to logarithms 10.
The viability of heterophils was assessed at the conclusion of each
experiment by the exclusion of 0.5% trypan blue as described in
Chapter 3.
The conditions of the assay described above were selected following
studies using strains 1 6 09 and 103 6 in which the concentration of

heterophils {2 to 10 x 10 6 /ml), heterophil to bacteria ratio {0.1:1
to 10:1) and the concentration of additional NCS (0, 10% and 20%)
were varied.

Survival of staphylococci in whole blood and other blood components
Peripheral blood was collected from four mature SPF chickens using
preservative-free heparin (100 I.U./ml) as an anticoagulant and the
blood pooled.

The relative survival of the four strains of

staphylococci in whole blood was assessed using a similar procedure
to that described for the heterophil bactericidal assay: opsonised
bacteria were added to freshly collected whole blood with a
concentration of heterophils of 5.4 x 10 6 /ml to provide a final
heterophil to bacteria ratio of 10:1.

Additional NCS (final

concentration 10%) was added to the mixture and the change in CFU was
determined after incubation for 90 and 120 minutes at 37 ° c with
constant mixing.
To verify that erythrocytes present in the heterophil preparations

. ~
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and in whole blood had no effect on the bactericidal assay, the
staphylococci were added to washed erythrocytes prepared from
fraction E of the Percell gradients (Chapter 3).

Two samples of this

fraction, which contained predominantly erythrocytes but low levels
of heterophils, were washed three times in RPMI 1640 medium, and 0.9
ml of this preparation was added to 0.1 ml of opsonised staphylococci
suspensions with 0.1 ml of NCS and the change in the number of CFU of
bacteria was determined after incubation for 0, 90 and 120 minutes at
3 7 °.

Heterophil numbers in these preparations were 2 x 10 4/ml and 8

x 103/ml and heterophil to bacteria ratios averaged 1:60 (range 1:30
Staphylococci were also added to a third sample, of 24-

to 1:120).

hour-old washed erythrocytes prepared from fraction E of the Percell
gradients (in which leukocytes could not be detected), and their
survival was similarly evaluated.
To further verify that heterophils and not other leukocytes were
involved in the destruction of bacteria, bacterial strains 13 33 and
1036 were mixed separately with various cell preparations and the
change in number of CFU of bacteria after incubation for 0, 90 and
120 minutes at

37 °C

was determined. These bactericidal assays

consisted of 0.1 ml of opsonised staphylococcal suspension, 0.1 ml of
NCS and 0.9 ml of either purified heterophils in RPMI 1640 medium
and a mixture of thrombocytes and mononuclear cells taken from
fraction A of the Percell gradients.

Concentrations of cellular

components in these preparations are given in the legend to Figure
4-6.
The effect of lysed heterophils on bacterial survival was also
investigated. Heterophils, at concentrations of 1.2 to

3

x 10 6 /ml,

were lysed for 1 minute at room temperature with 0.1% Triton X-100,
then mixed with all four strains of bacteria for less than 5 minutes.
The concentrations of bacteria (CFU/ml) in the suspensions were

-
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determined before and after exposure to the lysed heterophils and the
results for each strain averaged.

Further preparations of lysed
heterophil at concentrations of 0.3, 4.5, 9 and 30 x 105
heterophils/ml were mixed for 5 minutes with strain 1333 and the

difference in the number of bacterial CFU before and after this
treatment was measured and compared to the results from a control
sample.
The effect of NCS alone on the growth of strain 1333 was investigated
in TSB cultures in which 10% NCS was either added or omitted, by
assessing CFU at 0, 90 and 120 minutes of incubation at 37 ° c.
Results of the six tests were compared by the Student's t test at
each time.

The effect of opsonisation with 0.5% NCS on the growth of

strain 1333 was also investigated.
Bacterial cultures of strains 1333 and 1036 in PBS were adjusted to
pH 5.2 to 8.0 the numbers of CFU were determined before and after
incubation for 1 hour at 37 ° c.
Statistical analysis
Differences between two or more treatment groups or strains of
staphylococci in the bactericidal assays were tested by analysis of
variance of the results obtained after 90 and 120 minutes of
incubation of the samples.

When significant differences were

detected, differences between individual treatments or strains were
tested by Tukey's procedure (Steel and Torrie 1960).

Ninety-five

percent confidence intervals for group treatments were constructed
using the standard formula:
95% confidence interval= mean± t 0_05x [standard deviation]
------------------------------✓ n
where t0_05 is the tabular t value for n-1 degrees of freedom.
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Phagocytosis of staphylococci by cultured adherent mononuclear cells
Adherent MN from the peripheral blood of mature SPF chickens were
cultured using the procedure described in Chapter 3.

These cells

were cultured for 5 days on glass coverslips in either 35 mm dishes
or Leighton tubes and were washed three times with PBS. Four-hour
old TSB broth cultures of bacteria were washed twice with TSB and
suspended in PBS, counted by a haemocytometer method and 1.0 ml added
to the coverslips to provide a bacteria to cell ratio of 200:1.

The

cells were then incubated in a 5% co2-in-air atmosphere at 37 ° c for
20 minutes with agitation every 5 minutes. The coverslips were
washed five times with PBS to remove non-adherent bacteria, rapidly
air-dried and stained with Diff Quik (Harleco, American Hospital
Supply Corp., Gibbstown, N.J., U.S.A.).

The number of cells with

phagocytosed bacteria and the average number of phagocytosed bacteria
per cell were determined in 100 cells by light microscopy at a
magnification of x 600. Because of the distribution of the results,
the results for the mean percentage of cells were analysed by the
Mann-Whitney test for non-parametric data, and the results for the
number of bacteria per cell were compared by one-way analysis of
variance.

RESULTS
Comparison of methods of handling and counting bacteria.
A comparison of CFU counts of six paired samples of bacteria diluted
in either TSB (162 ± 67 x 10 5 /ml) or PBS (121.3 ± 87.8 x 10 5 /ml)
showed no significant difference on a paired t test; however, as the
variation was lower in the TSB samples, this diluent was used in all
subsequent assays.

, -
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Comparison of bacterial counts performed using a haemocytometer
counting chamber with the number of CFU, showed an overall
correlation coefficient of 0.992, but an overall significant
difference between the counting methods (P 0.0008). However, on
comparison of results for the individual strains of bacteria, only
the counts for strain 1333 were significantly different by the two
methods {P 0.037), with the CFU counts being higher {12.14 ±

5 .8 5

10 5 /ml) than the haemocytometer counts (7.71 ± 2.17 x 10 5 /ml).

x

The

repeatability of the haemocytometer counts expressed as the
coefficient-of variation was 23. 5 %, while that of the CFU was 29.4%.
Normal chicken serum
Agglutination titres of 1:2 were detected against strain 1333, 1:8
for strain 1036 and 1:16 for strains 1781 and 1609.

The

agglutination titres found using formalin-killed and heat-killed
bacteria were the same.

No precipitating antibody was identified by

agar gel immunoprecipitation tests.

The 0. 5 % concentration of NCS

used for opsonisation did not agglutinate any of the strains of
staphylococci, this concentration was subsequently chosen for
opsonisation: opsonisation was shown subsequently to be necessary for
bacterial killing to occur.

The addition of 10% NCS to suspensions

of strains 1036 and 1609 for 60 minutes resulted in a reduction of
the number of CFU of strain 1036 by 0.32 log 10 (P<0.0 5 ; n=6) and no
significant change in the number of CFU of strain 1609.
Variables in the bactericidal assay

In the comparison of various lysing solutions to be used in the
bactericidal assay, 0.1% Triton X-100 at room temperature for 1 to 10
minutes caused complete lysis of leukocytes at room temperature and
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did not markedly affect the CFU; in contrast, 0.1% Triton X-100 at
0 ° C for either 10 or 15 minutes reduced the number of CFU but did
cause complete lysis of leukocytes.

Reductions in the number of CFU

also occurred after the addition of 0.2% Triton X-100 and distilled
water with and without 0.1% BSA, however, some heterophils were
still intact after 5 minutes contact with distilled water.
Studies using variable heterophil concentrations showed that
bacterial destruction of greater than 1 log10 only occurred with
heterophil concentrations of 5 x 106 /ml and 8 or 9 x 106 /ml with
strains 103 6 and 1 6 09 respectively, with heterophil to bacterial
ratios of 8:1 or greater for both strains, and that opsonisation and
10% additional NCS were optimal in the assay for this degree of
bacterial destruction.
Strain variation in the killing of staphylococci by heterophils
The viability of heterophils at the termination of the assays when
optimal conditions were used ranged from 97% to 100%.

Using optimal

bactericidal assay conditions {heterophil concentration 9 x 10 6 /ml,
heterophil to bacteria ratio 10:1), there was a mean reduction in the
1 log10 for all four strains of
staphylococci after they were added to heterophils in the assay which

numbers of CFU of greater than

included 10% NCS, while the numbers of CFU increased or remained
constant in the absence of heterophils (Figure 4-1).

The differences

between the reductions in CFU detected with strains 1 6 09, 103 6 and
1781 at 90 and 120 minutes were not significant.

However, the

viability of the non-pathogenic strain 1333 decreased to a greater
extent than the other three strains in the presence of heterophils.
In three further tests, strain 1333 could not be detected after 90
minutes at the dilutions used and on several occasions strain 1333
could not be detected immediately after addition to the heterophils.

:
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In contrast to strain 1333, the other non-pathogenic strain {1609)
showed the least decrease in viability in the presence of heterophils
(Figure 4-1).

In the control samples, in the absence of heterophils,

strain 1333 also showed the slowest rate of growth compared to the
other strains but this difference was not significant.

In the

control samples all strains of bacteria showed increases in CFU over
120 minutes of culture with and without NCS, but no significant
differences were found between the four bacterial strains under these
conditions.
In the bactericidal assays in which NCS was omitted from both test
and control samples (Figure 4-2), there was also a significant
reduction in the viability of strain 1333 in the presence of
heterophils, but progressive growth of the other non-pathogenic
strain 1609 and only a slight reduction in the viability of the two
pathogenic strains in the presence of heterophils.

There was a

tendency towards slightly higher numbers of CFU at 120 minutes than
at 90 minutes in the assays in which heterophils were present but
10% NCS was omitted.
The effect of whole blood and other blood components on bacterial
survival
In the presence of whole blood, strain.1333 showed the greatest
reduction in viability compared to the other three strains, and
strain 1609 showed the least reduction in viability and the greatest
increase in the control samples (Figure 4-3).

These results were

similar to the results of the heterophil bactericidal assays.
In the presence of erythrocytes from fraction E of the Percell
density gradients (Figures 4-4 and 4-5), with suboptimal heterophil
counts and low heterophil to bacteria ratios, strain 1333 showed as
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much as a 1.3 log10 decrease in CFU {Figure 4-5) while the other
three strains showed either an increased number of CFU or only a
slight decrease in the number of CFU.

As heterophils were not

eliminated from fraction E of the Percell gradients, these fractions
were aged for 24 hours at room temperature in order to reduce the
function of the heterophils in the fraction�

In these aged

erythrocyte samples in which no heterophils were detected, the number
of CFU of strain 1036 remained constant and decreased 0.7 log10 with
strain 1333 (Figure 4-6).
In the study of the comparative survival of the pathogenic strain
1036 and the non-pathogenic strain 1333 in other leukocyte
preparations from the Percell gradient, it was shown that in the
presence of thrombocytes and mononuclear cells from fraction A (which
also contained low numbers of heterophils) of the Percell gradients,
the number of CFU increased with strain 1036 and remained constant
with strain 1333 (Figure 4-6).

In the purified heterophil

preparations which contained a very low level of contaminating
erythrocytes, the number of CFU of strain 1333 was reduced by >2.6

log10 in one test and by >3.0 log10 J� a sec?nd test, whereas strain
1036 was reduced to a lesser extent (Figure 4-6).
Although it was demonstrated that destruction of strain 1333 could
occur in the absence of NCS (Figure 4-2), the effect of NCS alone on-�
the survival of strain 1333 was examined to determine if NCS could
affect the survival of this strain.

The addition of 10% NCS to TSB

cultures of strain 1333 did not cause any significant reductions in
the viability of this strain over a 120 minute period.
To determine whether any residual Percoll, which may have been
present in the heterophil preparations, was deleterious to S. aureus
strain 1333, 0.9 ml of 40% Percoll diluted with RPM! 1640 medium was

!
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added to both opsonised and non-opsonised preparations of this
strain.

No significant reductions in the replication of strain 1333

after 90 and 120 minutes of incubation (Table 4-1) were found.
To further investigate the relatively faster rate of destruction of
strain 1333, the effect of lysed heterophils on the survival of the
bacteria was examined. The addition of lysed heterophil preparations
to the bacterial strains 1036, 1609 and 1781 for 5 minutes in two
tests did not affect the survival of these strains, but strain 1333
could not be detected on five separate occasions after it was mixed
with lysed heterophils.

The inhibition of strain 1333 was found to

be dependent on the concentration of the lysed heterophils (Table
4-2) •
No decrease in the number of CFU of strain 1333 and 1036 was detected
when suspended in iso-osmotic PBS at pH 5.2, 6.2 and 8.0 for 1 hour.
Phagocytosis of staphylococci by cultured adherent mononuclear cells
The percentage of cultured MN phagocytosing bacteria and the average
number of phagocytosed bacteria/cell were significantly less (P
<0.01%) with the non-pathogenic bacterial strains (1333 and 1609)
than with the pathogenic strains (1036 and 1781) (Table 4-3).

There

were no significant differences within the two groups of bacteria.
The morphological appearance of the adherent MN phagocytosing the
non-pathogenic bacteria was essentially normal, whereas many of the
cells infected with the pathogenic strain 1781 were lysed and others
showed karyolysis, vacuolated nuclei and vacuolated, swollen
cytoplasms.

The other pathogenic strain 1036 caused much less

cellular degeneration than strain 1781 but cells exposed to strain
1036 in some coverslip preparations showed cytoplasmic enlargement.
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DISCUSSION

The optimal requirements for an assay, in which all four strains of
staphylococci were effectively killed by chicken heterophils, were
determined by a series of preliminary experiments (results not
reported).

These requirements included pre-opsonisation of bacteria

with 0.5% NCS, the use of pre-warmed heterophils at a concentration
of

9

x 10 6 /ml, a ratio of heterophils to bacteria of 8:1 to 10:1, the

addition of 10% NCS, and continuous mixing of the assay at 37 ° C.
These conditions are similar but not identical to those reported
previously by Leijh et al (1 9 81), Marodi et al (1 9 83) and Finlay
Jones et al (1984).
In the bactericidal assays, a wide variation in the results was
obtained for each strain of bacteria, and this variation was slightly
wider in the presence of heterophils than in its absence.

Several

factors were found to affect the bactericidal assays used, and other
factors may have affected the precision of the results.
Firstly, in the bactericidal assay the concentration of PMN used was
important.

Previous studies have found that PMN concentrations of 5

x 10 6 /ml were necessary for adequate bacterial killing (Marodi et al
1 9 83; Finlay-Jones et al 1 984).

In the current investigation,

preliminary studies showed that a slightly higher level of
heterophils (9 x 10 9 /ml) produced more consistent bacterial
destruction, probably because of the additional presence of nucleated
erythrocytes in the cell preparations.

Because of the presence of

erythrocytes, it was considered desirable to use a cell to bacteria
ratio of greater than 1:1 {Marodi et al 1 9 83), preferably 10:1
(Finlay-Jones et al 1 9 84).
Secondly, the assay was affected by the addition of NCS; the addition
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of normal serum was previously reported to be necessary for the in
vitro killing of bacteria by granulocytes, and bactericidal activity
has not been found to occur in the absence of extracellular serum
(Leijh et al 1981; Finlay-Jones et al 1984).

Levels of 2% (Hart et

al 1985) to 10% (Brune et al 1972; Finlay-Jones et al 1984) serum
have been used, the concentration varying with the organism and assay
system used.

In the current study, bactericidal activity was

enhanced by the addition of NCS, and 10% addition NCS was optimal for
the heterophil-mediated destruction of strain 1609, but heterophil
mediated killing of strain 1333 also occured in the absence of NCS.
Although agglutinins against strains 1036 and 1609 in the NCS were
detected at a dilution of 1 in 10, the addition of 10% NCS alone to
S. aureus strain 1036 caused only a 0.32 log10 change in counts
compared to the PBS control, and it did not result in a change in
counts of

s.

hyicus strain 1609.

The degree of change with strain

1036 was within the range of error of the method for quantifying CFU
and was not significant, and appeared unrelated to the presence of
agglutinins in the NCS.

The NCS also had higher agglutination

titres to strain 1609 than to strain 1036 and there appeared to be no
relationship between the results of the bactericidal assays and the
agglutinin titres which were detected in the NCS.
Thirdly, the times chosen for the bactericidal assay were 90 and 120
minutes, and at 120 minutes the reduction of CFU detected was usually
more pronounced than at 90 minutes.

These times were also

recommended by Finlay-Jones et al (1984).
Factors affecting the precision of the assays included the method of
counting bacteria (which affected the heterophil to bacteria ratio
and the assessment of viability of bacteria), and variation in
heterophil function.

The haemocytometer method of counting bacteria

showed less variation than the CFU method and was used for the
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preliminary estimation of bacterial numbers for addition to the assay
as it was rapid, but viable and non-viable bacteria could not be
distinguished by this procedure.

As higher numbers of strain 1333

were detected by the CFU method than by the haemocytometer procedure,
the CFU procedure used in-the bactericidal assay might have
overestimated the recovery of this strain following contact with
heterophils.

The reasons for the method difference detected with

this strain were not determined.
Daily variation in PMN function of individual animals is expected
{Guidry et al 1974 ) and this also would contribute to the variation
in results obtained.

In the current study, any variation in the

bactericidal activity of heterophils from individual chickens was
minimised by using pooled heterophils from a number of chickens.
This was recommended also with neutrophils from other species {Guidry
et al 197 4 ).

In addition, cells from mature birds were used, as

specific leukocyte functions have been found to vary with age (Quie
and Mills 1979; Coignoul et al 198 4).
Despite the variability of the assay results, the non-pathogenic S.

aureus strain 1333 was shown consistently to be relatively more
susceptible to destruction by heterophils than the other three
strains: this difference was significant in the assays without the

addition of 10% NCS, and was also consistently detected in assays
using heterophils with NCS and in whole blood.

The decrease in

viability of strain 1333 was also greater than the other strain in
the assays using cells from fraction E (predominately erythrocytes)
of the Percell gradients, under conditions in which heterophil
concentrations were suboptimal (<2 x 10 4 /ml): the rate of bacterial
destruction found in these assays appeared to be related to the
heterophil concentration present.

The loss of viability of this

strain was shown to be associated with heterophils and not with the
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presence of thrombocytes or mononuclear cells from fraction A of the
Percoll gradient.
A dramatic and immediate reduction in the number of CFU of strain
1333 and not of the other strains occurred after they were exposed to
lysed heterophils and this reduction was proportional to the
heterophil concentration used, indicating that heterophils contained
a component which inhibited or directly killed strain 1333.

Such a

substance could be a defensin-like molecule (Daher et al 1986).

The

finding that on some occasions strain 1333 could not be recovered_
immediately after it was added to the heterophils suggests a
variation in the release of this substance, individual bird variation
in its content within heterophils, or that some inhibitory substance
was pre-released in some heterophil preparations.

Similarly, the

moderate degree of loss of viability of strain 1333 on exposure to
the 24-hour-aged fraction E of the Percoll gradients, may be related
to the presence of components of lysed heterophils in these
preparations.

There was no indication that strain 1333 itself

accelerated heterophil lysis, as the morphology of heterophils in
contact with the four strains was not different.

It is concluded

that the poor recovery from peripheral blood and lack of
pathogenicity of strain 1333 found when it was injected into SPF
chickens (Kibenge et al 1983) was likely to be due to the sensitivity
of strain 1333 to heterophil-induced destruction.
As both the pathogenic strains examined were killed by heterophils in
the bactericidal assays and were well phagocytosed by cultured
adherent MN, it is evident that phagocytic cells of both types are
important in the control of infections induced by these pathogenic
strains of staphylococci in chickens.

In comparison, the non

pathogenic strains were poorly phagocytosed by cultured adherent MN
and behaved differently in the bactericidal assays (in the presence
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of heterophils): the non-pathogenic strain 1333 was very efficiently
destroyed by heterophils, whereas the other non-pathogenic strain
(1609) persistently showed the slowest rates of destruction by
heterophils.

The differences in the rate and degree of phagocytosis

of the pathogenic and non-pathogenic staphylococci by the cultured
adherent MN suggested that 4-hour-old broth cultures of the
pathogenic strains were better recognised by, or were able to adhere
to, MN than the non-pathogenic strains, in the conditions used in
these assays.
These results indicate that the non-pathogenicity of strain 1333
when injected intravenously into normal chickens (Kibenge et al 1983}
was probably due to its rapid destruction by heterophils in the
peripheral blood.

Furthermore, these results suggest that the in

vivo phagocytosis by MN or destruction by heterophils was unlikely to
be associated with the non-pathogenicity of strain 1609 found in
experimentally-infected chickens (Kibenge et al 1983), and that other
factors present in normal chickens, or factors intrinsic to the
strain were probably involved in limiting the spread of this strain
in vivo.

These factors would have been suppressed or overcome in

chickens with the tenosynovitis syndrome.
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Table 4-1. Effect of Percoll on the viability of opsonised and non
opsonised S. aureus strain 1333.

----------------------------Treatment
Change in CFU/ml {log
Opsonisation Addition of
Percoll
of bacteria

+
+
+

+

10)

90 minutes

120 minutes

+0.50

+0.62

+0.38

+0.52

+0.39

+0.42

+0.40± 0.16*

+0.58± 0.28*

* Mean result± standard deviation of six tests.
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Table

4 -2.

Effect of the concentration of lysed heterophil

preparations on the viability of S. aureus strain 1333
for less than 5 minutes.
Heterophil concentration
in lysed pr paration
(x 105 /ml)

CFU/ml

0

2 X 106

0.3

5

X

104

4.5

2

X

103

9

<1

X

102

30

<1

X

102

..... _· ... --.-1
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Table 4-3. Comparison of the phagocytosis of non-pathogenic (strains 1333
and 1609) and pathogenic (strains 1036 and 1781) of staphylococci by
cultured adherent mononuclear cells. The results* are the mean results±
standard deviations of seven replicate experiments for strain 1333 and five
replicate experiments for strains 1609, 1036 and 1781.

-�-��----- -- -- --------------------------

Bacterial strain

Percent phagocytic cells
{mean ± SD)

Number of bacteria/cell
{mean± SD)

1333

27.3 ± 11.8

2.4 ± 1.0

1609

34.8 ± 20

5.3 ± 2.2

1036

93.0

7.3

16.6 ± 4.5

1781

96.0 ± 9.0

19.2 ± 6.9

�---...-.��--

±

...,. ... !Jll!!T-.ZlP?

* The results for the pathogenic and non-pathogenic strains are
significantly different at the 0.01% level.
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Survival of staphylococcal strains in a bactericidal assay

which included·10% normal chicken serum (NCS), following exposure to
heterophils (H; hollow symbols). Bacterial growth in the absence of
heterophils (B; solid symbols) and presence of 10% NCS is also shown.
The results are the mean result of six assays and bars represent the
95% confidence intervals.
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Survival of staphylococcal strains in a bactericidal assay
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exposure to heterophils (H; hollow symbols). Bacterial growth in the
absence of heterophils (B; solid symbols) and absence of NCS is also
shown. The results are the mean result of four assays and
represent the 95% confidence intervals.
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1333 (solid symbols) in various cell preparations separated on
Percoll gradients: fresh heterophils (H) from fractions C and D, at
concentrations of 4. 8 x 10 6 /ml (a), and

5 .2

x 10 6 /ml (b);

erythrocytes (RBC, 2.3 x 10 8 /ml) from fraction E, which had been aged

24 hours and contained no detectable heterophils; and fresh
thrombocytes and mononuclear cells (T-cytes) from fraction A. The

latter preparation contained 2.2 x 107 /ml thrombocytes, 2.1 x 10 7 /ml
mononuclear cells,
heterophils ..

4 .5

x 10 5 /ml erythrocytes and

4 .5

x 104 /ml
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CHAPTER 5:

REPLICATION OF FOUR ANTIGENIC TYPES OF AVIAN REOVIRUS IN
SUBPOPULATIONS OF CHICKEN LEUKOCYTES

INTRODUCTION

Avian reoviruses have been reported to proliferate in cultured
macrophages originating from bone marrow (Bulow and Klasen 1983) and
peripheral blood (Haffer 1984) of chickens.

Bulow and Klasen (1983)

suggested that macrophages may be a major target cell for the
proliferation of avian reoviruses in vivo.
The replication of avian reoviruses in macrophages is of interest for
two reasons: firstly, this would provide a major means of
dissemination of the virus in infected chickens and a possible
explanation for the persistence of virus in chickens despite the
presence of a neutralising antibody response; secondly, the
replication and predilection of avian reoviruses for macrophages may
suppress the phagocytic activity of these cells.

This could explain

the frequent occurrence of a secondary bacterial infection in
tenosynovitis in chickens, with organisms which usually reside on the
skin (Kibenge et al 1982b).
This Chapter reports a study undertaken to verify which sub
populations of avian leukocytes supported the replication of
reoviruses of Australian origin, using several methods of viral
detection: immunofluorescence with an avian reoviral monoclonal
antibody to detect viral protein; electron microscopy; and virus
titration to detect viral replication.

As strain variation in the

susceptibility of macrophages to avian reovirus has been reported
(Billow and Klasen 1983), the replication of avian reoviruses of four
antigenic types in these and other leukocyte subpopulations was
compared.
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MATERIALS AND METHODS
Reovirus and cell cultures
The source and antigenic type of the four strains of avian reovirus
which were used have been described previously by Robertson and
Wilcox (1984).

Strain 1091 (antigenic type A) was originally

isolated from the intestines of broiler chickens with a runting and
stunting syndrome (Pass et al 1982). Strains 724 and 847 {antigenic
types B and C respectively) were isolated from tendon tissue of
chickens with tenosynovitis (Kibenge et al 1982a).

Strain RAM-1 (an

antigenic type cross-reacting with strains in both serotypes B and C}
was isolated from clinically healthy chickens (Mustaffa-Babjee and
Spradbrow 1971) and was obtained from Professor P.B.Spradbrow of the
University of Queensland.

Strains RAM-1 and 1091 were adapted to

replicate in Vero cells by Wilcox et al (1985) and Enriquez (1987}
respectively.
The RAM-1 and 1091 strains were cultured in Vero {African green
monkey kidney) cells obtained from Flow Laboratories (North Ryde,
Australia) and strains 724 and 847 in either chicken kidney (CK)
cells derived from 10- to 15-day-old specific pathogen free (SPF)
chickens, or chick embryo kidney {CEK) cells derived from embryos of
18- to 20-day-old SPF embryonated hen eggs.

The method of

preparation of the CK and CEK cells was as described previously
{Robertson and Wilcox 1984).

The Vero cells were grown in Dulbecco's

modified essential medium (DMEM) {Flow Laboratories, North Ryde,
Australia} with 10% foetal bovine serum (FBS} and, once confluent,
were maintained in the same medium with 2% FBS.

The CK and CEK cells

were grown in Medium 199 {Flow Laboratories, North Ryde, Australia)
supplemented with 10% tryptose phosphate broth (Oxoid, Basingstoke,
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England) and 10% FBS and were maintained in the same medium with only
5% FBS.

Both media also contained 100 IU/ml penicillin, 100 µg/ml

streptomycin and 2. 5 µg/ml amphotericin B.
Vero cells were used to prepare stocks of strains 1091 and RAM-1, and
CK cells for strains 724 and 847.

Virus-infected cells were

incubated at 37 ° c for 24 to 48 hours until an extensive cytopathic
effect (CPE) was observed. The infected cells were then frozen and
thawed six times, and the virus particles concentrated by
centrifugation at 100,000 x g using a Beckman L8-80 refrigerated
ultracentrifuge and a type 3 5 rotor (Beckman Instruments Inc.,
U.S.A.).

The supernatants were discarded, the pellets were

resuspended in phosphate buffered saline (PBS), ·pH 7.2, and mixed
with an equal volume of the fluorocarbon Arklone (ICI, Melbourne,
Australia), vigorously homogenised and then centrifuged at 800 x g
for 10 minutes.

The aqueous layer was dispensed in aliquots, stored

at -70 ° C and a sample was titrated to determine the 50% tissue
culture infectious dose (TCID 5 0).
Virus titration
The viruses were titrated using a microtitre TCID 5 0 procedure as
described previously (Robertson and Wilcox 1984; Wilcox et al 198 5 ).
Ten-fold dilutions of virus strains RAM-1 and 1091 were made in DMEM
containing 10% FBS and antibiotics, and similar dilutions of virus
strains 724 and 847 were made in Medium 199
described above.

supplemented as

Fifty ·µl aliquots of each dilution were added to

five wells in a microtitre tray.

To each well was added either 50 µl

of trypsin-dispersed Vero cells ( 6 x 10 5 cells/ml) in the case of
RAM-1 and 1091, or 1 x 10 6 CEK cells/ml in the case of strains 724
and 847.

The trays were incubated at 37 ° C in a humidified 5% co2 -in
air atmosphere for 10 days when Vero cells were used, and 4 to 6 days
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when CEK cells were used, then fixed and stained simultaneously with
0.1% crystal violet in ethanol.

The trays were dried, and the titre

determined from the visible CPE using the procedure described by Reed
and Muench (1938).
Separation and culture of leukocyte subpopulations

Proliferation of reovirus was assessed in the following cells: 5-day
old cultured blood and bone marrow-derived adherent mononuclear
cells/macrophages {MN); fresh heterophils, lymphocytes and
thrombocytes from the peripheral blood of adult chickens; and in
bursal (B) and thymic (T) lymphocytes from 10- to 15-day-old chickens.
Cultures of peripher�l blood-derived MN were prepared from the
peripheral blood of adult chickens {as described in Chapter 3).

Bone

marrow MN cultures were prepared from bone marrow extracted from the
femurs and tibias of 3- to 5-day-old SPF chickens. The marrow was
suspended in macrophage culture medium, described by Bulow and Klasen
{1983) with two modifications; 12% FB S and no chicken serum were
used.

The medium contained DMEM enriched with 110 µg/ml sodium

pyruvate, 36 µg/ml L-asparagine, 36 Jg/ml L-�rginine, 6 µg/ml folic
acid, 100 units/ml penicillin, 100 µg/ml streptomycin, 100 µg/ml
gentamycin, 2.5 µg/ml amphotericin Band 12% FBS (Chapter 3).

Marrow

suspensions were centrifuged at 200 x g for 10 minutes to remove
marrow fat, and the cells resuspended in fresh macrophage medium.
Fibrocytes which were rapidly adherent to glass were removed by
leaving the cell suspensions in sterile glass bottles for 1 hour at
37 ° C and then the non-adherent cells were gently aspirated.

One ml

and 1.5 ml aliquots respectively of the cell suspensions, containing
approximately 5 x 10 7 nucleated cells/ml, were dispensed into
sterile, siliconised, screw-capped Leighton tubes (93 mm x 16 mm)

a 35 mm x 10 mm glass coverslip, or into 35 mm

each containing
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diameter culture dishes each containing a 22 mm x 22 mm sterile glass
coverslip, and incubated in a humidified atmosphere containing
co2-in-air at 3 7° C for

5

days before they were used.

5%

After 2 4 hours

the medium was removed and replaced with fresh macrophage medium.
The quantity of adherent MN obtained by this procedure was calculated
by trypsinisation of the cells present on six replicate coverslips
and the cell counts averaged

6.6

x 10 4 ± 2.1 x 10 4 cells on the

coverslips from the Leighton tubes and 3.3 x 10 5 ± 0.2 5 x 10 4 cells
on the 22 mm x 22mm glass coverslips. Because of the large total
quantity of cells required for the replication assays, cells in
Leighton tubes, which required seeding with a lower number of cells,
were preferred and used for these assays. The 22 mm x 22 mm
coverslip cultures were used to examine viral-induced CPE and for
electron microscopic studies.
Heterophils and peripheral blood mononuclear cells (predominately
lymphocytes and thrombocytes) were separated on Percell density
gradients as described previously (Chapter l). · The peripheral blood
mononuclear cell preparations from fraction A of the Percell gradient
were treated with carbonyl iron as described previously (Chapter 3)
to remove phagocytic cells, and the final preparation contained
predominantly small lymphocytes ( 5 8%) with thrombocytes (33%),
basophils ( 5 %), monocytes (3%) and heterophils (1%).

Leukocytes were

maintained in RPMI 1 6 40 medium in siliconised glass tubes (93 mm x 16
mm).

Heterophils and the peripheral blood mononuclear cell

preparations were adjusted to concentrations of approximately 5 x 10 6
cells/ml and 1 x 10 7 cells/ml respectively.

Lymphocytes of bursal {B) and thymic (T) origin were obtained from
10- to 15-day-old chickens.

The bursa and thymus were removed

aseptically from each chicken, fat and connective tissue were removed
from the organs, and the cells gently teased out into RPM! 16 40
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medium.

A single cell suspension was produced by filtering the

suspension through either four (bursal cells) or six (thymus cells)
layers of sterile gauze.

The cells were counted in a haemocytometer

chamber, adjusted to a concentration of 1 x 10 6 cells/ml with RPMI
1 6 40 medium and dispensed into siliconised glass vials (93 mm x 1 6
mm).

The viability of B lymphocytes during their preparation was improved
by using cold RPM! 1640 medium containing 2% FBS with sufficient
1.5 M saline added to raise the osmolality from 270 to 310 mOsm/kg.
Viability studies showed that up to 30% of the B lymphocytes in the
initial cell preparation were non-viable, and these were removed by
centrifugation of the cell suspensions on 30% Percell for 15 minutes
at 800 x g.

The recovered cells had a viability of 90% to 94%.

After 10 hours, which was the duration of the replication studies
conducted using these cells, 45% to 70% of the cells were still
viable.

The addition of 10 ng/ml or 30 ng/ml phorbol myristate

acetate, equal amounts of concanavalin A-conditioned medium (a
filtered supernatant of T cells which were treated with 10 µg/ml
concanavalin A for 24 hours), or both reagents together, did not
enhance the viability of B cells, contrary to the findings of Ewert
and Weber (1987).
Detection of virus replication in leukocyte subpopulations
Viral replication was quantified by two methods: indirect
immunofluorescence using a monoclonal antibody, 3C2, which reacted to
a 45 kilodalton (sigma A) avian reovirus protein present in all four
reovirus strains, and was supplied by Dr. R. Wickramasinghe, Murdoch
University, and by virus titration using a Tcrn50 procedure. The
cells examined were infected with reovirus at a multiplicity of
infection (MOI) of 1 to 3 TCID50/cell for 1 hour, then the inoculum
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was removed and replaced with maintenance medium.

The B and T

lymphocytes in suspension were infected similarly, but the initial
inoculum was not removed.
For the indirect immunofluorescence tests the infected cells were
incubated at 37 ° c for 16 hours, with the exception of T cells and B
cells which were incubated for 13 hours and 10 hours respectively.
Sequential immunofluorescence studies of Vero cells infected with
strain RAM-1 established that virus replication could be readily
detected 10 hours after infection.

At the end of the incubation

period, the cells were rinsed twice in PBS and fixed for 8 minutes in
cold acetone.

Monoclonal antibody was diluted 1:4, then added for 45

minutes at 37 ° c in a humidified atmosphere.

After incubation, the

cells were washed in PBS for 30 minutes, and a·l:20 dilution of
fluorescein-conjugated rabbit anti-mouse serum (Nordic Immunology,
Tilburg, The Netherlands) was added for 45 minutes at 37 ° c in a
humidified atmosphere. After washing in PBS for 30 minutes, the
cells were mounted in glycerol:PBS (9:1) and examined microscopically
for fluorescence at x 400 and x 1000 magnifications. The percentage
of cells exhibiting immunofluorescence was estimated in a minimum of
300 cells on each of at least three occasions for all cell types, and
the results averaged. The viability of infected cells was assessed
at 18 hours and 24 hours after infection using trypan blue dye
exclusion as described previously (Chapter 3). Further cultures of
peripheral blood MN were infected with strain 1091 at an MOI of 0.1
and viability assessed over 6 days.
Virus replication in cultured MN and fresh peripheral blood
heterophils was determined by a comparison of the difference in
TCID50 of the virus in cells 1 hour and 24 hours post-infection. At
each time the cultures were frozen and thawed six times before the
virus titre was determined, using a TC!D50 procedure as previously
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described.

For the replication of virus in fresh peripheral blood

mononuclear cells, T cells and B cells, the second samples were
collected at 16 hours, 13 hours and 10 hours after infection,
respectively, at times when the viability of these cells was still
high. The replication of virus in these cells was assessed only by
the indirect immunofluorescence test as previously described.
The occurrence of a CPE in the infected cells was evaluated in
unfixed cells by phase microscopy at intervals after infection, and
at 18 hours post-infection on air-dried coverslip preparations
stained with Diff Quik (Harleco, American Hospital Supply, Gibbstown,
N.J., U.S.A.) and Oil Red O (BDH Chemicals Ltd., Poole, England), and
in alcohol-fixed cells stained with haematoxylin and eosin.
Peripheral blood-derived cultured MN infected for 18 hours with avian
reovirus strain 1091 were also examined for the presence of reovirus
particles by electron microscopy using a standard technique: adherent
macrophages were washed with PBS r fixed with 2.5% glutaraldehyde in
PBS, pH 7.2, for 30 minutes, scraped off the glass coverslips and
centrifuged at 1100 x g for 5 minutes to form a pellet. The cell
pellets were post-fixed in 1% osmium tetroxide for 1 hour, dehydrated
in alcohol and embedded in Epon.

Ultrathin sections were examined

with a Phillips 301 electron microscope.
RESULTS
All four strains of reovirus replicated in peripheral blood and bone
marrow-derived MN (Table 5-1).

Strains 1091 and RAM-1 consistently

replicated in a higher average percentage of these cells, as detected
by the immunofluorescence and viral titration, than strains 724 and
847 (Table 5-1).

With the exception of the RAM-1 strain, reovirus

antigen was detected in a higher percentage of peripheral blood-
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derived MN than in bone marrow-derived MN.

The type of

immunofluorescence detected in the infected MN is shown in Figures
5-1 to 5-3.

No immunofluorescence was seen in control MN cultures or

cells at 2 hours post-infection.
Although the increases in viral titres detected in MN cells were low,
the results of the titration of virus (Table 5-1) were similar to
those detected by immunofluorescence: strain 1091 showed the greatest
level of replication in peripheral blood-derived MN and strain RAM-1
proliferated best in bone-marrow derived MN.

No increase in the

viral titre was detected in cells infected with strain 724.
Repeatability studies of the methods used to detect replication of
virus showed that when Vero cells were infected with strain RAM-1
there was a 26% coefficient of variation in the titre of virus
detected by the microtitre TCID50 procedure used, and up to 25%
difference in duplicate samples in the percentage of
immunofluorescent cells.
The replication of avian reovirus in peripheral blood-derived
MN was confirmed by electron microscopy by the detection of
crystalline arrays of viral particles within a network of
microfilaments within the cytoplasm of these cells; large viral
aggregates were frequently surrounded by a ribosome-depleted area
(Figures 5-4 and 5-5).

The virus particles were located close to the

rough endoplasmic reticulum and mitochondria, in a perinuclear
location, but did not appear to be highly associated with
microtubules.
A cytopathic effect was observed in both the bone marrow and blood
derived MN.

The viability of the MN after infection varied with the

strain of virus used for infections: at an MOI of 1, strain 1091
caused the most rapid cell destruction and at 24 hours post-infection
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only 1% of blood-derived MN were viable compared to 55% for strain
1129 and 98% for control cells.

At an MOI of 1, all strains of

reovirus destroyed 93% qr more of the cultured MN within 36 hours of
infection.

When cultured MN were infected with strain 1091 at a

lower MOI of 0.1, the viability of the infected MN was 41% at 24
hours post-infection and this level remained constant for 6 days.
The cytopathic changes detected in the cultured MN are shown in
Figures 5-6 to 5-8.

The changes detected included cell enlargment to

two to three times normal diameter and multinucleation with nuclei
often containing a single nucleolus: 5% of cells had three and four
nuclei, 3% of cells had five ·nuclei and approximately 1% contained

eight or nine nuclei.

Infected cells showed central basophilia on

Romanowsky stain, with eccentric nuclei surrounded by a halo of
vacuoles. The lipid content of these vacuoles was demonstrated by
Oil Red O stain, and vacuoles were larger and slightly more frequent
than those in control MN (Figure 5-8).

By phase contrast

microscopy the reovirus-infected cells were observed to become
smaller and more refractile than the control cells, and eventually
· detached from the glass, and this was associated with an increased
acidity of the medium.

Cytoplasmic viral inclusions were difficult

to detect using haematoxylin and eosin stain (Figure 5-9) as many
cells were vacuolated and inclusions were difficult to distinguish
from phagocytosed cell debris.
No replication of reovirus was demonstrated in peripheral blood
heterophils (Table 5-1}.

In the preparations of fresh peripheral

blood mononuclear cells, containing a predominance of lymphocytes and
thrombocytes, immunofluorescence was detected in only a very small
proportion (1%) of the cells and these were considered to be
monocytes; following infection with strains RAM-1, 1091 and 724, and
no fluorescence was detected following infection with strain 847.
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Similar results were obtained in three separate experiments.

The

viability of these infected cells varied from 91% to 96% in the
different experiments and was similar to the viability detected in
the control uninfected cells.

Diffuse cytoplasmic fluorescence of

some granular cells from fraction A of the Percoll gradient was
observed following infection with strain 724 on one of four
occasions, but was absent in cells from fractions C and D Percoll
layer (heterophils}.

All control samples for these cells showed a

complete absence of fluorescence.
In the virus-infected T-cell suspensions,· immunofluorescence was not
detected in lymphocytes, but immunofluorescence was observed in
approximately 5% of the cells in this preparation which were large
mononuclear cells and were considered to be monocytes or macrophages.
A low proportion of cells present in the T-cell preparations were
mast cells and these did not fluoresce.

The viability of the cells

in the T-cell suspensions 13 hours post-infection was 75% to 84%, and
the viability of the control T cells was 87%.
In B-cell suspensions infected with strains 847, 1091 and RAM-1, very
fine particulate immunofluorescence was detected in less than 2% of
the cells at 10 hours post-infection. . The fluorescence appeared to
be in small mononuclear cells.

No fluorescence was observed

following infection with strain 724 or in the control cell
preparations.

The viability of the cells in the B-cell suspensions

decreased rapidly in comparison to those cells in the T-cell
suspensions.

The viability of the B-cell suspensions 10 hours after

infection with all virus strains was slightly lower (range 24% for·
strain RAM-1 to 67% for strain 1091} than controls (range 45% to
70%).
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DISCUSSION

This study �upports the findings of Bulow and Klasen {1983) and
Haffer {1984) that the replication of avian reovirus occurs in
cultured MN of both bone marrow and peripheral blood origin. In the
current study, however, the use of a monoclonal antibody to detect
reoviral replication enabled greater specificity of the
immunofluorescence test than was obtained by these authors.

Strain

variation was found and reoviral strains of antigenic types Band C
appeared to replicate in a smaller subpopulation of the cultured MN
than the strain 1091 of antigenic type A and strain RAM-1 of
antigenic type B/C. Bulow and Klasen {1983) also described strain
variation in the degree of replication of reovirus in cultured MN.
The increases in reoviral titres detected in the infected cultured MN
were less than the increases of up to 3.8 log10 reported in infected
cultured MN by Bulow and Klasen (1983}. Precise comparisons of the
replication of the four virus strains were difficult due to the low
increases in titre and the high coefficient of variation in the
method of titration used, but the results of virus titration were
similar to the immunofluorescence results and also suggest that there
was strain variation in the capacity of the four strains of avian
reovirus to replicate in adherent MN. The small increases, or
absence of increase, in viral titres for the four strains detected in the infected MN between 2 and 24 hours post-infection in the current
study were possibly due to the low number of MN infected in each
culture. However, in infected Vero cells the increase in titre was
also low, with an average increase in virus titre of only 1.37 log10
{Table 5-1). It is possible that the strains used in the current
study had been passaged sufficiently to reduce their efficiency of
replication in chicken-derived MN; a decrease in the efficiency of
replication of Vero. cell-adapted RAM-1 strain in chicken cells was
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reported by Wilcox et al (1985).

It is also possible that defective

particles may have been produced in the infected MN: there may be up
to 100 defective viral particles produced for each infectious virus
(Silverstein et al 1976).

The yield of infectious reoviral progeny

is dependent on a number of factors including the pH of the culture
medium {reovirus RNA transcriptase is inactivated at pH 5, and
lysosomal uncoating of the virus is inhibited at high pH) and the
incubation temperature {Silverstein et al 1976).

The yield of virus

may also be affected by the maturity of the MN cultures: the yield of
human respiratory syncytial virus and parainfluenza type 3 virus was
reported to be 10-fold less in 1-day-old MN cultures compared to
older, mature MN cultures (Krilov et al 1987).
In the current study, there was a marked difference in the proportion
of cultured bone marrow and peripheral blood-derived MN which
supported viral replication, compared to the fresh peripheral blood
mononuclear cells, which suggests that in vivo, mature tissue

macrophages (rather than the younger monocytes) could be a major target

for reoviral proliferation, as was suggested by Billow and Klasen
(1983).

Reoviral replication was detected in only approximately 1%

of peripheral blood mononuclear cells and these appeared to be
monocytes.

Kibenge et al (1985) also reported that in reovirus

infected chickens the virus was present only occasionally in the
peripheral blood mononuclear cell fraction.

However the ability of

MN cultures of various ages to support reoviral replication was not
investigated in the present study.
Reoviral replication was not detected in peripheral blood
heterophils, T lymphocytes or thrombocytes.

Although a very low

percentage of small cells in the B-cell suspensions showed specific
viral fluorescence after infection with the virus, it was not
possible to accurately identify these fluorescent cells and they may
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have been small monocytes or macrophages.

The results, however,

indicated that B lymphocytes are not a major target cell for reovirus

replicat�on in chickens.

Although reoviruses have been isolated from

bursae of chickens (Bagust and Westbury 1975) and have been suggested
as a possible cause of a decrease in bursal weight (Montgomery et al
1985), bursal atrophy (Kerr and Olson 1969; Hieronymus et al 1983;
Tang et al 1987a) and both thymic and bursal atrophy (Page et al
1982), the findings in the present study do not support the view that
this is due to direct reoviral proliferation in B or T lymphocytes.
It is probable that the isolation of reovirus from these organs was due
to the presence of virus in peripheral blood monocytes or macrophages
in these tissues.

Although Weiner et al (1980) reported attachment

of mammalian reovirus type 3 (but not type 1) to subpopulations of
both murine B and T lymphocytes via a haemagglutinin receptor and
found a greater percentage of B than T cells were affected, none of
the representative strains of the four antigenic types of avian
reovirus reported in Australia·appeared to replicate in chicken
lymphocytes, and the effect on lymphocytes seen with of mammalian
reoviruses does not appear to occur with avian reovirus.

Other

indirect causes of the effect of reoviruses on lymphoid organs, such
as suppressive effects mediated by monokines from infected
macrophages, are possible but these have not been investigated.
The features of the CPE previously described in chicken bone marrow
and blood-derived MN cultures infected with avian reovirus was cell
rounding, detachment and lysis (Bulow and Klasen 1983; Haffer 1984).
Similar changes were found in the present study, but in addition,
multinucleated cells were present in MN cultures infected with all
four strains used.

Although chicken MN cultured for 15 days or more

will transform into multinucleate giant cells with 100 or more nuclei
(Sutton and Weiss 1966), and lymphokine-rich preparations will also
induce their formation in cultures of chicken MN (Weiler and Bulow
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1987), it was more probable that the fusion detected in the current
study was the direct result of virus-induced cell fusion, which is a
characteristic of avian reovirus-infected cells (Mustaffa-Babjee et
al 1913; Guneratne et al 1982) and can be detected in.Vero cell
-cultures 12 hours post-infection {Wilcox et al 1985).
In other viral diseases, giant cell formation provides a potent
reservoir of virus in the host (Chany et al 1987).

It is possible

that this reservoir mechanism may operate in vivo in reovirus
infected chickens, although other mechanisms for reoviral persistence
are also possible, such as temperature-sensitive mutants and deletion
mutants (Tyler and Fields 1986b).

Older avian giant cells also lose

IgG and complement receptors, thus further compromising the defence
mechanisms of the host (Mariano et al 1976).
In the infected cultured MN there was evidence that transmission of
virus to cells which were not originally infected was limited; cell
death appeared to occur rapidly in a majority of the cells when a MO!
of 1.0 was used, but when the initial infecting dose was lower {MOI
of 0.1), the percentage of viable cells remained constant from 24
hours to 6 days post-infection.

This could indicate that a

protective mechanism (such as interferon) may be operating in favour
of the uninfected cells.

This requires further investigation, as,

although interferon production is known to occur in reovirus-infected
chickens {Ellis et al 1983a) and infected MN are a likely source of
such interferon, avian reoviruses have been reported to be
insensitive to chicken interferon (Ellis et al 1983b).
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Table 5-1. Replication 1 of avian reovirus 2 in heterophils and blood and
bone marrow-derived cultured adherent mononuclear cells (MN).
Change in TCID50tml
Mean± SD
Number of
replicates ( loglO)

Reovirus
strain

Cell type

RAM-1

Blood MN

34

6

+0.26± 0.24

Marrow MN

66

7

+0.62± 0.83

Heterophils

0

3

-0.06

Vero cells

90

6

+1.37 ± 0.36

Blood MN

92

7

+0.58 ± 0.28

Marrow MN

54

5

+0.36 ± 0.42

0

3

-0.03

Blood MN

40

7

-0.23 ± 0.48

Marrow MN

27

4

-0.26 ± 0.28

0

3

Blood MN

32

6

-0.06± 0.22

Marrow MN

25

4

+0.54 ± 0.39

0

3

-0.125

1091

Heterophils
724

Heterophils
847

Heterophils

Immunofluorescent
cells (average
percent)

0

1. Replication determined by immunofluorescence and viral titration was
evaluated at 16 hours and 24 hours, respectively.
2. Reovirus was added at an MOI of 1 to 3 Tcrn50 per cell.
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Fig. 5-1. The immunofluorescence patterns detected in Vero cells
infected with avian reovirus at 16 hours post-infection. A:
uninfected cells (x 94 magnification). B: cells infected with strain
RAM-1 (x 94 magnification). C: cells infected with strain 1091 (x 235
magnification). D: cells infected with strain RAM-1 (x 235
magnification).
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Fig. 5-2. The immunofluorescence patterns detected in adherent
mononuclear cells from the peripheral blood of chickens, cultured for
5 days and infected with avian reovirus for 16 hours (x 94
magnification). A: uninfected cells. B: cells infected with strain
RAM-1 (30% of cells infected). C: cells infected with strain 1091
(92% of cells infected). D: a syncytium in cells infected with strain
RAM-1.
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Fig. 5-3. The immunofluorescence patterns detected in adherent
mononuclear cells from the bone marrow of chickens cultured for 5
days and infected with avian reovirus for 16 hours.

A: uninfected

cells (x 94 magnification}. B: cells infected with strain RAM-1 (96%
cells infected) {x 94 magnification). C: cells infected with strain
724 {x 94 magnification). D: cells infected with strain 847 {x 235
magnification}.

Fig.

5 -4.

A Electron microscopy of adherent mononuclear cells from the

peripheral blood of chickens cultured for

5

days and infected with

avian reovirus strain 1091, showing viral particles (blocked area)
within the cytoplasm and degenerative changes {arrows) (magnification
x 6120). Bis an enlargement of the block shown in A (magnification x
27 , 575); note (a) rough endoplasmic reticulum, {b) clearing of
ribosomes, (c) microfilaments, (d) microtubule.

151

.J

Fig. 5-5. A Electron microscopy of adherent mononuclear cells from the
peripheral blood of chickens cultured for 5 days and infected with
avian reovirus strain 1091, showing virus particles {blocked area)
located near mitochondria, and secondary phagosomes (arrows)
{magnification x 8950). Bis an enlargement of the block shown in A
(magnification x 37,292}.
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Fig. 5-6. The cytopathic effects of avian reovirus at 18 hours post
infection in cultured adherent mononuclear cells of peripheral blood
origin.

Diff Quik stain.

Magnification x 600. A: uninfected cells.

B: cells infected with strain 847. C: cells infected with strain RAM1.

Note the reduced number of cells in the infected preparations and

the presence of some cells with several nuclei (arrows).
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Fig. 5-7. The cytopathic effects of reovirus at 24 hours post
infection (MOI 0.1) in cultured adherent mononuclear cells of
peripheral blood origin using phase microscopy. A and C: uninfected
cells with 98% of cells viable. Band D: cells infected with strain
1091 with 40% of cells viable. Magnification for A and Bx 225;
magnification for C and D x 450.
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Fig. 5-8. Lipid globules stained with Oil Red O in adherent

mononuclear cells cultured from the peripheral blood of chickens.
Magnification x 600.

A: uninfected cells. B: cells infected with

strain RAM-1 for 18 hours.

Note that the infected cells contain

larger and more numerous lipid globules than the control.
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Fig. 5-9. Haematoxylin and eosin stain of adherent mononuclear cells
cultured from the peripheral blood of chickens for 5 days. A:
uninfected cells (x 790 magnification). B: cells infected with strain
RAM-1 showing a large perinuclear inclusion in a binucleate cell (x
790 magnification). C: uninfected cells (x 1500 magnification). D:
cell infected with strain RAM-1 showing several small inclusions (x
1500 magnification).

Note that the infected cells are larger and

more vacuolated than the control cells.
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CHAPTER 6:

THE EFFECT OF REOVIRUS ON PHAGOCYTIC FUNCTIONS OF

HETEROPHILS AND CULTURED ADHERENT MONONUCLEAR CELLS

INTRODUCTION

Tenosynovitis in chickens in commercial poultry flocks in Australia
is frequently associated with a staphylococcal infection, although
the staphylococci which have been isolated from lesions include
strains which do not appear to be pathogenic in normal chickens
(Kibenge et al 1982a; Kibenge et al 1983).

Avian reoviruses also are

frequently associated with the infection, and it has been considered
probable that this reovirus infection predisposes to a secondary
staphylococcal infection and clinical disease.
The mechanism responsible for the possible increase in susceptibility
to staphylococci following a primary reovirus infection has not been
determined.

Immunosuppression induced by the avian reovirus

infection is a possible cause of the increased susceptibility to
staphylococcal infection.

Avian reoviruses, however, have not been

demonstrated to be associated with functional suppression of the
lymphoid arm of the immune system in chickens {Nandapalan 1981), and
no evidence of replication of Australian strains of avian reovirus in
lymphocytes was detected {Chapter 5).

An alternative mechanism for

an increase in the susceptibility to staphylococcal infection in
tenosynovitis is that reovirus infection of chickens may alter the
function of phagocytic cells in the infected chicken.

Avian

reoviruses were shown to replicate in cultured chicken macrophages
(Chapter 5; Bulow and Klasen 1983; Haffer 1984) and it is possible
they may alter the function of these infected cells.

The other main

phagocytic cell type, the heterophil, however, does not support the
replication �f avian reovirus (Chapter 5), but it is not known if
reoviruses may attach to the surface or be incorporated into the

I
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phagosomes of heterophils, as it is in other cells (Silverstein et al
1976), and cause modification of the function of heterophils.

Other

mammalian viruses such as CMV (Bale et al 1985) and influenza A
{Abramson et al 1982; Debets-Ossenknopp et al 1982; Henricks et al
1985} have been demonstrated to affect polymorphonuclear leukocyte
(PMN) function following internalisation within phagosomes although
they also do not replicate in these cells.

Replication in a

particular cell is not necessary for a virus to modify the function
of the cell {Mogensen 1984).
This chapter reports an investigation of the effect of reovirus
infection on the two major phagocytic cell types, macrophages
(cultured adherent mononuclear cells, MN} and heterophils, to
determine if reovirus infection induced any change in the function of
these cells.

The function tests which were used included

phagocytosis by heterophils and cultured MN, the bactericidal
activity of heterophils and adherence of heterophils to nylon fibres.
MATERIALS AND METHODS
Cell cultures
Chick kidney {CK) cells were prepared as described by Robertson and
Wilcox {1984) and cultured in Medium 199 with supplements as
described in Chapter 5.

African green monkey kidney {Vero) cells

were cultured using Dulbecco's modified essential medium {DMEM) with
supplements and procedures as described in Chapter 5.
Viruses and bacteria
The origin of the avian reovirus strains RAM-1, 1091, 724 and 847
used in this study were previously described (Chapter 5).

Strains

159

RAM-1 and 1091 were cultured on monolayers of Vero cells and strains
724 and 8 47 on CK cells.

The inoculum was adsorbed onto these cells

for 1 hour and when an extensive cytopathic effect was observed 24 to
4 8 hours after inoculation, virus-infected cells were frozen and
thawed six times and the virus particles centrifuged at 100,000 x g
for 2 hours, then treated with Arklone as described previously
(Chapter 5) to produce cell-free preparations.

When a high titre of

virus was required for some heterophil adherence tests, virus was
pelleted by centrifugation and resuspended to 1% of the original
volume and not treated with Arklone.
The origin and method of cultivation of Staphylococcus aureus strain
103 6 was as reported previously (Chapter 4}.

This strain was

cultured in tryptone soya broth (TSB} for 4 hours at 37 °C for use in
the phagocytosis and bactericidal assays.
twice with TSB then resuspended in TSB.

The bacteria were washed
Bacteria were counted

manually using a Neubauer haemocytometer (Weber, England), and the
organisms suspended in TSB and adjusted to a concentration of 5 x
10 6 /ml for bactericidal assays and to approximately 1 x 10 8 /ml for
phagocytosis assays.
Heterophils and cultured MN

Heterophils were separ�ted from peripheral blood on Percell gradients
as described previously (Chapter 3) and adjusted to a concentration
of

6

x 10 6 /ml in RPM! 1 6 40 medium.

Adherent mononuclear cells were

separated from peripheral blood by Percell density gradient
centrifugation and cultured on 22 mm x 22 mm glass coverslips in 35
mm diameter sterile dishes for 5 days using macrophage culture media
as previously described (Chapter 3).
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Normal chicken serum (NCS)

Fresh normal chicken serum (NCS), which was used in the bactericidal
assays, was collected from 8 mature SPF chickens, filtered, pooled
and stored at -70 ° C as described previously

(Chapter 3). For these

assays, bacteria were pre-opsonised by incubation with 0.5% NCS at
37 ° c for 30 minutes as described previously (Chapter 3).
Effect of reovirus infection on phagocytosis by cultured MN
Five-day-old cultured MN were infected with avian reovirus strain
1091 (Chapter 5) at an MOI of 1 for 18 hours.

The cells were then

washed three times with RPMI 1640 medium and phagocytosis assays were
performed as described previously (Chapter 4) using either washed, 4hour-old TSB broth cultures of S. aureus strain 1036 at a ratio of
100 bacteria to one �ell or 1 µm latex beads (Polysciences Inc.,
Warrington PA, U.S.A.) at a ratio of 400 beads to one cell.
not added to the assay mixtures.

NCS was

After mixing, the samples were

incubated for 20 minutes at 37 ° C or 41 ° C and mixed every 5 minutes.
The coverslip preparations then were washed five times with PBS,
rapidly dried and stained with Diff Quik stain (Harleco, American
Hospital Supply Corporation, Gibbstown, N.J., U.S.A.).

The

percentage of phagocytic cells and the average number of particles
phagocytosed per cell were counted in at least 100 cells per sample.
The phagocytic index (PI) was calculated using the formula of Dunn et
al (1983).

Tests were performed in triplicate and the results

reported as a mean value of the three tests.
To determine the effect of products released into the medium from
reovirus-infected MN on the phagocytosis of S. aureus by uninfected
MN, medium from MN cultures infected on the fifth day of culture with
reovirus strain RAM-1 (MOI of 3) for 18 hours was filtered
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sequentially through membrane filters of 0.2 µm and 0.01 µm average
pore diameter (APD) to remove virus.

This medium was added to 5-day

old cultured MN for 5 hours, then a standard phagocytosis assay using
S.aureus strain 1036 as described above (Chapter 4) was performed.
Tests and controls were performed in quadruplicate.
The viability of MN used in the assay was assessed by trypan blue dye
exclusion as described previously (Chapter 3).
Effect of reovirus infection on phagocytosis by heterophils
Heterophils were suspended in RPM! 1640 medium.

The heterophil

suspensions were individually infected with each one of the four
strains of reovirus at an MOI of 1 and were kept at 37 ° c for 2 hours
in siliconised glass tubes {93 mm x 16 mm).

S. aureus strain 1036

was added at a ratio of 400 bacteria to one cell and incubated for 20
minutes at 37 ° c without additional serum, mixing every 5 minutes.
Following incubation, the cells were centrifuged at 20 x g for 5
minutes.

The supernatant was aspirated to eliminate excess bacteria

and was replaced with fresh medium.

Sediment preparations were made

using a Cytospin centrifuge {Shandon Southern Products Ltd, Cheshire,
England), and slides were air-dried and Romanowsky-stained.

The

number of cell-associated bacteria was counted in 200 leukocytes for
each sample at x 600 magnification and the proportion of
phagocytosing cells was recorded.

All heterophil preparations were

checked for viability by the exclusion of trypan blue.
Bactericidal activity of reovirus-infected heterophils
Heterophils were infected with reovirus strain RAM-1 at an MOI of 3
to 4 for 2 hours at 37 °C in siliconised glass vials (93 mm x 16 mm).
Control preparations were mock-infected with an equal volume of

:
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medium containing 2% FBS from uninfected Vero cells.

Heterophils

then were washed twice in antibiotic-free RPMI 1640 medium. To 0.9 ml

aliquots of heterophils containing 6 x 106 cells/ml were added 0.1 ml
of washed and pre-opsonised 4-hour-old TSB cultures of S. aureus
strain 1036 (5 x 10 6 bacteria/ml) and 0�1 ml of NCS. Bactericidal

activity was assessed by the difference in colony counts between zero
time and 90 and 120 minutes incubation at 37 ° C as described
previously (Chapter 4).

Bacterial controls were run simultaneously

using 0.9 ml of RPMI 1640 medium instead of 0.9 ml of heterophil
suspension.

Three separate assays were performed.

Effect of reovirus infection on the adherence of heterophils to nylon
fibres
Heterophils were infected with avian reovirus as described above, and
the adherence of these heterophils to nylon fibres was measured using
modifications of the methods described by Stecher and Chinea (1978)
and Walker et al (1987).

The modifications made were that

heterophils instead of whole blood were used and samples were
incubated at 37 ° C for 10 minutes. Briefly, 50 mg of scrubbed,
combed, nylon fibre (Robbins Scientific, California, U.S.A.) was
packed into the lower 0.3 ml of a sterile 1 ml syringe and the end of
the syringe was covered with a sealed 26 gauge needle.

Aliquots of

0.5 ml of Percell-separated heterophil preparations containing 10 6
heterophils were pipetted onto the nylon fibres in the upright
syringes at room temperature, then held at 37 ° c with the sample in
contact with the fibres for 10 minutes in a humidified atmosphere
containing 5% co2 -in-air. The heterophils then were eluted through
the nylon fibres by gravitational force {by removing the sealed
needle) and the nylon fibres were flushed with 1 ml of RPMI 1640
medium at 37 ° C. All effluents were collected into siliconised tubes.
The percentage of adherent cells was calculated by the formula of
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MacGregor et al (1974).
Total heterophils in post-adherence sample
Adhered cells%= 100 - __________________xl00
Total heterophils applied to the column
Heterophil counts were performed manually using a haemocytometer
chamber and phase contrast microscopy.

All tests were run in

triplicate and the arithmetic mean was calculated for each test.

All

batches of virus and heterophil preparations were checked for
bacterial contamination by culture in nutrient broth.

The

coefficient of variation of the method measured on six replicates was
3.3% for control samples, but this was found to be increased for
virus-infected samples.
The samples used for the above adherence assays consisted of equal
volumes of heterophils and virus suspensions adjusted to provide an
MOI of both 1 and 10, and then were incubated at 37 ° c for 2 hours,
immediately prior to the adherence tests.

The viral suspensions used

included both Arklone-treated and untreated samples prepared as
described above.

As a control in each set of tests, the supernatant

from Arklone-treated (Chapter 5), uninfected Vero cells suspended in
DMEM with 2% FBS was substituted for the virus suspensions.

Controls

were run with each set of tests.
Other controls used included mixtures of heterophils with equal
volumes DMEM with either 0%, 2% or 10% FBS, concentrated homogenised
Vero cells suspended in DMEM with 2% FBS and the medium from Vero
cell cultures.

The adherence of uninfected heterophil preparations

containing large quantities of erythrocytes and some thrombocytes was
measured to assess the effect of erythrocytes on the adherence of
heterophils.

The effect of phagocytosis of latex beads on heterophil

adherence was investigated also.

For this, beads and heterophils

were mixed at a ratio of 400 beads to one heterophil at 37 ° c for 15
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minutes, then the cells were added to the nylon fibre columns.

Latex

beads were also mixed with heterophils which had been infected with
reovirus strain RAM-1 at an MOI of 5 for 2 hours and the effect on
their adherence to nylon fibres was determined.
RESULTS

Effect of reovirus infection of cultured MN on their phagocytosis of
S. aureus and latex beads

Infection of cultured MN with avian reovirus strain 1091 for
18 hours resulted in a reduction of viability to 63% and a marked
reduction in the phagocytic ability of the cells, with up to 87%
reduction in the percentage of cells phagocytosing both
latex beads compared to controls (Table 6-1).

s.

aureus and

The degree of

reduction in the average number of phagocytosed particles per cell
was more pronounced with bacteria than with latex beads. �nly minor
differences were found in the phagocytosis of the latex bead controls
at 37 ° C and 41 ° C: more variation and more injured cells were detected
in tests performed at 41 ° C than at-37 ° C.
The filtered, virus-free medium from reovirus-infected MN did not
cause a significant change in the phagocytic index of S. aureus by
uninfected cultured MN (Table 6-2).
Effect of reovirus infection of heterophils on their phagocytic and
bactericidal activity

Marginally increased phagocytosis of S. aureus strain 1036 was
detected in heterophils after infection with reovirus strains 724 and
847 (Table 6-3) at an M0I of 10, but not when they were infected with
strains RAM-1 or 1091.

Reovirus infection had no adverse effect on
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the bactericidal activity of heterophils for S. aureus strain 1036
(Figure 6-1).
Effect of reovirus infection of heterophils on their adherence to
nylon fibres
No difference was detected in the adherence of heterophils suspended
in the supernatant medium from uninfected Arklone-treated Vero cells,
DMEM without FBS, and DMEM with 2% FBS {Table 6-4).

The addition of

suspensions of Vero cells to the heterophils had no effect on
heterophil adherence.

Adherence levels of 87.7% and 78% were

measured after heterophils were treated with concentrated,
homogenised Vero cells and Vero cell supernatants, respectively.

The

adherence of heterophils in the control sampf�i was not affected by
the presence of erythrocytes in the samples {Table 6-4).

The only

significant factor affecting heterophil adherence was the addition of
10% FBS to the media, which reduced the adherence of heterophils in
the 13 cell-free control samples from 85.4% ± 6.1% to an average of
56.5% ± 5.9% {± one standard deviation; n=4).
Reovirus infection of heterophils did not affect their adherence to
nylon fibres at an MOI of 1 or 10 (Table 6-5), although marked
variation in the adherence of strain RAM-1 was found in samples which
were heavily contaminated with erythrocytes and thrombocytes.

When

undiluted and serial dilutions (1/5, 1/10 and 1/100 dilutions) of
virus strain RAM-1 were used to infect heterophils, this caused an
increase in adherence from 72.2% to 77.6%, 85.5% and 80.3%,
respectively.

There was more variation found in the adherence of

heterophils after reovirus infection than in the controls but this
appeared to be related to the degree of erythrocyte and thrombocyte
contamination in the heterophil preparations rather than to the MOI.
Thrombocytes were not observed in the eluates but were sometimes
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present in the samples applied to the nylon fibres.
The addition of 1 µm latex beads to heterophils 2 hours after they
were infected with reovirus strain RAM-1 at an MOI of 5 did not alter
substantially the adherence of heterophils {reovirus alone, 77.4%;
beads and reovirus r 79.36%; homogenised Vero cell debris and
reovirus, 76.94%). However r the addition of latex spheres to the
DMEM control sample enhanced heterophil adherence from 78.1% to
93.1%.
DISCUSSION
Avian reovirus infection of cultured MN caused a reduction in their
phagocytic activity and this was associated with a decrease in their
viability.

Reduced viability of reovirus-infected cultured MN was

also demonstrated in Chapter 5.

As continued new protein synthesis

is necessary to maintain phagocytic PMN function at full capacity
{Kasprisin and Harris 1978), and as reovirus replication impedes cell
protein synthesis in infected cells (Tyler and Fields 198Gb), the
diminished phagocytosis by the infected cells could therefore be
expected. The destructive effect of the virus infection on the
cytoskeleton would be expected also to impede effective phagosome
formation.
Medium from virus-infected cultured MN was not found to cause any
decrease in the phagocytic function of uninfected cultured MN,
suggesting that cytokines affecting phagocytic activity were not
released from the infected MN cells. To determine the effect of
possible cytokines released from infected cells on phagocytic
function, the medium from virus-infected cultured MN was added to the
cultured MN for 5 hours; this time was chosen as Mandi et al {1984)
showed that chicken interferon exerted an effect (on augmented
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antibody-dependent cytotoxicity} within 1 hour of contact with
infected cells.
It was determined previously (Chapter 5) that the strains of avian
reovirus used in the current study did not replicate in heterophils.
It is possible that the virus particles may have been phagocytosed by
heterophils but if this did occur it did not adversely affect the
phagocytic and bactericidal activities of heterophils as was detected
in mammalian PMN with non-replicating cytomegalovirus (Bale et al
1985) and influenza virus (Abramson et al 1982; Debets-Ossenknopp et
al 1982; Henricks et al 1985).

A marginal increase in phagocytic

activity of heterophils was found following infection with some
strains of reovirus; this could have been due to contact with
cytokines (Weiler and Bulow 1987), although attempts to demonstrate
an effect by cytokines released from infected cells were unsuccessful
with the techniques used.
Theoretically, reovirus could alter the adherence of heterophils if
the virus attached to the heterophil surface or if it altered the
microtubular structure: some mammalian strains of reovirus are known
to bind to microtubules (Babiss et al 1979) and PMN adherence in
mammals has been shown to be affected by microtubule integrity (Boxer
et al 1978).

Avian reovirus infection, however, did not cause a

detectable adverse effect on heterophil adherence in the assay used
in this study.

The minor effects of reovirus infection on heterophil

adherence which were detected appeared to depend on the stimulation
of heterophils by phagocytosis of latex particles and with
erythrocyte and thrombocyte contamination of the samples and not on
actual reovirus infection.

However, while Talstad (1972) reported

that the phagocytosis of latex particles enhanced the adherence of
leukocytes from human peripheral blood, and the addition of latex
beads to the heterophil preparations in the current study caused an
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increase in the adherence of these heterophils to nylon fibres
compared to the control samples run on that day, it was not
significantly different when compared to the adherence detected in
the absence of latex beads, and the addition of latex beads to
reovirus-infected heterophils did not alter the adherence of
heterophils compared to the virus-treated controls.

The conclusion

that reovirus did not alter the adherence properties of heterophils
which have, or have not phagocytosed particles, is supported by the
failure to detect an effect of reovirus on the phagocytic and
bactericidal functions of heterophils in the current study.
One of the technical considerations of the adherence assay used was
the intrinsic variation of the test.

Although the coefficient of

variation (CV) of the heterophil adherence tests of the control
samples performed on the same day was very low (CV 3.3%; n=6), there was
a wider range in the control test results when performed over several
days (CV 7.1%; n=13).

This degree of variation was probably due to

differences in the adherence of heterophils from different birds
and to minor d�ily variations in laboratory conditions.

To reduce

individual variation in heterophils from different birds, blood
samples were pooled for each test.
The adherence of uninfected heterophils to nylon fibres was not
altered by erythrocyte and thrombocyte contamination of the samples;
however, the inconsistent variation in the results of the adherence
assay when virus-infected heterophils were used, which did not appear
to depend on the virus preparations or the MOI used, may have been
caused by an interaction between reovirus, erythrocytes and
thrombocytes.

It is known that when assessing the adherence of

mammalian PMN in whole blood, platelets may adhere first, modify the
substratum and thus affect the measured PMN adherence (Lackie and
Smith 1980): in the current study, although thrombocytes were absent
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from the eluates, some thrombocytes were present in some of the
samples applied to the nylon fibre columns.

Alternatively, the

variation in the results could have been due to a reaction of the
cells with variable components in the different virus preparations
used to infect cells, such as Vero cell debris, endotoxin, or protein
in the diluent, and this reaction may have been exacerbated in
erythrocyte-contaminated samples.

The addition of Vero cell debris,

however, did not alter heterophil adherence.

Endotoxin has a marked

effect on the adherence of PMN and is known to cause a maximum

increase in PMN adherence in vivo at 1 hour following injection, then
a decreased adherence at 24 hours (Lackie and Smith 1980); in the
current study, the presence of endotoxin was not monitored.

Protein,

at the level of 10% FBS, markedly inhibited heterophil adherence, and
the presence of contaminating protein may have caused the inhibition
effect observed in some of the virus-infected samples.

Bovine serum

albumin (Lackie and Smith 1980) and human serum albumin (Keller and
Cottier 1984) have also been shown to affect PMN adherence and PMN
tended to detach when levels of human serum albumin were increased
from the optimal 2% to 4% (Keller and Cottier 1984); this is
compatible with the findings in the present study.

Other reported adherence assays have used whole blood or PMN-rich
suspensions derived from whole blood or exudates (McGillen and Phair
1979; Lackie and Smith 1980), but all procedures have associated

technical problems (Lorente et al 1978).

The nylon fibre adherence

assay used was considered to be a reasonably realistic model of the

in vivo conditions for PMN adherence, as in mammals there was a close
correlation between the results with this assay and those using

endothelial monolayers (MacGregor et al 1978).

The in vitro

results obtained in the current study, however, need not necessarily

reflect the events which occur in vivo.

In vivo, PMN adherence is a
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more complex process (reviewed by Lackie and Smith {1980] and Smith
and Lumsden [1983]) which is augmented by inflammatory plasma
components including complement components 3 (McGillen and Phair
1979) and Sa (Craddock et al 1977a), and alpha and gamma interferon
in humans {Seow and Thong 1986).

Leukocyte surface injury also

enhances adherence (Craddock et al 1977b; MacGregor 1977).

Viral

infections inducing either acute or chronic vasculitis have been
shown also to greatly enhance PMN adherence: viruses such as
poliovirus, herpes simplex type 1, adenovirus and measles virus have
induced these changes {MacGregor et al 1980) and bovine leukaemia
virus infection in sheep (Walker et al 1987) also enhanced PMN

adherence in vivo.

A decrease in PMN adherence has been associated

with a variety of factors including T-cell products, acidic proteins

from secondary granules from mammalian PM�, "focal anaesthetics,

cigarette smoke, ethanol, prostacyclin, atropine, intracellular
cyclic AMP (Lackie and Smith 1980) and anti-inflammatory agents
(MacGregor et al 1974).

Adherence is also decreased in dogs with

diabetes mellitus (Latimer and Mahaffey 1984).

While none of these

additional suppressive factors appeared to apply in the present
study, some cannot be eliminated.
Although avian reovirus did not cause a detectable adverse effect on
heterophil function under the conditions used in the present study,
future investigations could resolve whether subtle changes in
metabolism, protein synthesis or locomotion of heterophils occur.
The effect of reovirus on MN phagocytosis, however, was marked and is
likely to render an infected chicken susceptible to secondary
infections.
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Table 6-1. Phagocytosis of S. aureus strain 1036 and latex beads by
cultured macrophages 1 infected with reovirus strain 1091 for 18 hours.

Phagocytosed
particle

S. aureus2

Latex beads 3

Latex beads 3

Sample

Temperature
of
incubation

Particles
Percent
phagocytic per cell
(mean}
cells

Phagocytic
index

Control

37 ° c

73

15.1

80.37

Test

37° c

9

2.5

0.4

Control

37 ° c

5 3 .6

12.4

35.9

Test

37 ° c

18.2

8.1

3 .9

Control

41 ° c

55

12.5

42.9

Test

41 ° c

8

11. 3

0.7

1. The viability of virus-infected macrophages was 6 3 %.
2. Results represent the mean result of three counts of one test.
3.

Results represent the mean result of three tests.
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Table 6-2. The effect of filtered r virus-free medium from reovirus
infected MN on the phagocytosis of S. aureus strain 1036 by cultured
MN. The results are the mean result of four replicate tests±
standard deviation.

Sample

Percent
phagocytic
cells

Control

97 ± 3.8

28.7 ± 6.8

274 ± 83.6

93.7 ± 5.2

25.6± 5.2

229 ± 73

Test

Particles
phagocytosed
per cell
(mean)

Phagocytic
index

:
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Table 6-3. The effect of in vitro reovirus infection on the
phagocytosis of S. aureus strain 1036 by chicken heterophils in the
absence of chicken serum. The heterophils were pre-infected for 2
hours at 37 ° C, and phagocytosis assays proceded for 20 minutes. The
viability of heterophils in all tests was 98% to 99%.

Strain
of
virus

Number MOI
of
samples

Percent
phagocytic
cells

Bacteria
per cell
(mean)

Phagocytic
index

Control

3

0

43.6 (35-53)

3.6 (3.5-3.9)

7.12 (4.7-10.2)

RAM-1

3

1

33.2

6.8

8.1

RAM-1

2

10

37

10.3

13.9

724

1

1

45

5.7

11.7

724

1

10

53

9

24.5

847

1

1

43.6

8.1

15.4

847

1

10

69.3

10.2

48.5

1091

1

10

30

7.57

7.84

Where more than one test was performed, the results shown are the
mean result of all tests. The values in parenthesis represent the
range of results obtained for the control samples.

I

I_

-

- --_- - - - -_ - - - - ---!

174

Table 6-4. Percentage of heterophils adhering to nylon fibres when
suspended in various diluents.

Diluent used to suspend
heterophils

Number
of
replicates

Vero c ll medium with
2% FBS 1

7

83.3± 6.3

DMEM

4

90.3± 4.0

DMEM with 2% FBS

2

83.3

DMEM with 10% FBS

4

56.5± 5.9

Vero cell suspension

1

87.7

Vero cell medium

1

78.0

Erythrocytes 2

3

83.4± 7.3

Adherent cells
(percent± standard deviation)

1. Medium was collected from Vero cell cultures after incubation for
4 days and Arklone treatment.
2. These were samples of heterophils from fractions C and D which
were heavily contaminated with erythrocytes and some thrombocytes.
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Table 6-5. The effect of infection with four strains of reovirus on
the percentage of heterophils adhering to nylon fibres. The results
are expressed as a mean result of tests± standard deviation. The
number of replicates is given in parenthesis.

Percent of adherent cells
MOI

Reovirus infected heterophils

Control
heterophils
in cell -free
medium

Reovirus strain
847

724

1091

RAM-1

0

85.4 ± 6.1
(13)

1

10

86.4 ± 7.1 79.5 ± 7.6

80.6 ± 11.7 70.9 ± 18.3

{3)

(3)

(3)

(8)

74.7*

82.4

78.9

68.6*

(2)

{2)

(2)

(2)

The viability of heterophils both before and after the adherence
assays was 100%.
* Heavy erythrocyte contamination in one sample.
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Fig. 6-1. The survival of

s. aureus strain 1036 after exposure to

heterophils pretreated with reovirus strain 1091 (MOI 3 to 4) for 2
hours (t---t), not pretreated with reovirus (0---0) or in samples in
which heterophils were absent (x---x). Results represent the mean
result and range of the three assays.
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CHAPTER 7: GENERAL DISCUSSION
The studies reported in this thesis were an attempt to provide an
explanation for �he pathogenesis of tenosynovitis in commercial
poultry in Australia.

Tenosynovitis in commercial chickens in most

countries is considered to be caused by avian reovirus {reviewed by
Robertson and Wilcox 1986) and strains have been isolated which will
produce clinical tenosynovitis in experimentally-infected chickens
(Sahu and Olson 1975; van der Heide et al

1980; Jones and Guneratne

1984; Jones and Kibenge 1984; Kibenge et al 1985).

In Australia,

however, while reoviruses have been isolated frequently from
tenosynovitis lesions, the isolated reoviruses have not produced
clinical tenosynovitis in experimentally-infected chickens (Robertson
1986) unless very high doses of virus are inoculated _{Meanger 1990).
The low pathogenicity of the Australian strains of avian reovirus and
the frequent association with the lesions of staphylococci, sometimes
with staphylococcal strains non-pathogenic in specific-pathogen-free
chickens (Kibenge et al 1983), suggested that in Australia,
tenosynovitis in commercial poultry flocks was caused by a primary
subclinical avian reovirus infection which predisposed to a secondary
bacterial infection, particularly by Staphylococcus aureus, resulting
in clinical disease (MacKenzie and Bains 1977; Kibenge et al 1982a).
However, it is not known how reovirus is able to predispose to the
secondary bacterial infection, including infection by bacterial
strains which do not appear to be pathogenic in healthy reovirus-free
chickens.

It is possible that the initial reovirus infection could

suppress the defence mechanism, by immunosuppression or suppression
of the phagocytic system of the host, to allow infection by bacteria
which are normally inhibited.
In the current study, avian reovirus was not found to proliferate in
lymphocytes of bursal or thymic origin (with the exception of a very
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small proportion of B lymphocytes which appeared to contain
immunofluorescent reoviral protein after infection).

These findings

support the findings of Nandapalan (1981) that the Australian strains
of avian reovirus did not cause any immunosuppression in infected
chickens, and suggest that reovirus-induced immunosuppression was not
responsible for the occurrence of staphylococcal infection in
tenosynovitis.
The alternate hypothesis, that reovirus infection of chickens could
suppress the phagocytic system, permitting bacteria to proliferate
despite the presence of large numbers of heterophils seen in the
natural lesion (Kibenge et al 1982a), was investigated as the major
aim of this thesis.

The studies which were undertaken utilised two

pathogenic and two non-pathogenic strains of staphylococci which were
studied by Kibenge et al (1983) and strains of reovirus
representative of the four antigenic types recognised in Australia
(Robertson and Wilcox 1984).

The investigations were in vitro

studies utilising purified populations of heterophils of peripheral
blood origin and adherent mononuclear cells (MN) of peripheral blood
and bone marrow origin.
The studies of the association between phagocytic cells and the
pathogenicity of staphylococci isolated from tenosynovitis lesions
required the development of techniques for the purification of
heterophils and the culture of adherent mononuclear cells (MN), and
also for quantifying the bactericidal activity of heterophils and the
phagocytosis of the bacteria by the adherent MN.

Techniques for the

purification of subpopulations of leukocytes from the peripheral
blood of humans have been frequently described and are routinely used
by many laboratories; however, there are only limited reports of the
purification of subpopulations of leukocytes from the peripheral
blood of avian species, and the presence of nucleated erythrocytes
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and thrombocytes in avian blood causes problems which are not
encountered when mammalian blood is used.

In the current study,

techniques of the separation of subpopulations of leukocytes from the
peripheral blood of chickens were developed which were reproducible
and practical and which provided populations of functional
heterophils and adherent MN.
The susceptibility of the four staphylococcal strains to phagocytosis
by adherent cultured MN was investigated.

The two non-pathogenic

strains of staphylococci were found to be poorly phagocytosed by MN
in comparison to the pathogenic strains.

The lower MN phagocytic

index for non-pathogenic strains than for the pathogenic strains
appeared paradoxical and indicated that their lack of pathogenicity
in normal chickens (Kibenge et al 1983) was unrelated to their
destruction by MN.

However, one of the two non-pathogenic strains,

strain 1333, was killed more effectively by heterophils than were the
other three strains.

This bacterium was also rapidly destroyed

following exposure to fresh whole blood and lysed heterophils and the
destruction in the latter samples was proportional to the
concentration of heterophils used.� The component of heterophils
responsible for the destruction of the strain 1333 was not identified
but the results indicated that the bacterial destruction did not
require viable heterophils and was not dependent on pH; the component
may be a defensin-like molecule (Lehrer et al 1985), but this was not
determined.

This result indicated that the non-pathogenicity of

strain 1333 when injected intravenously into normal chickens (Kibenge
et al 1983) was probably attributable to its rapid susceptibility to
the bactericidal activity of heterophils.

It is probable that this

strain would be likely to proliferate only in tissues which contained
low levels of heterophils, perhaps during the early stages of
infection, or when there was impaired heterophil function.
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A different theory is required to explain why the other
staphylococcal strain, S. hyicus strain 1609, was non-pathogenic in
normal chickens.

This strain, similar to the other non-pathogenic

strain 1333, was less susceptible than the pathogenic strains-to
phagocytosis by adherent MN and was the most resistant of all the
strains to heterophil-mediated killing.

These results indicate that

the mechanism of non-pathogenicity of strain 1609 in normal chickens

was unrelated to its comparative destruction by phagocytes in vitro,
and that there were probably other intrinsic properties of this

bacterium which inhibited its replication in normal chickens but were
suppressed or overcome in chickens with the tenosynovitis syndrome.
The other intrinsic properties of S. hyicus strain 1609 which could
have affected its pathogenicity in vivo include the content of

protein A, the peptidoglycan content, toxic products and enzymes.
Protein A interferes with the opsonisation function of IgG by binding
to the Fe component of the immunoglobulin (Easmon 1984).

The assumed

content of a selection of other enzymes, haemolysins, peptidoglycan
(aggressin) and toxic products of the pathogenic strains could have
also ensured their survival in vivo.
In the attempts to determine if avian reovirµs infection of
phagocytic cells could have suppressed the phagocytic or bactericidal
activity of these cells and predisposed chickens with reovirus
induced subclinical tenosynovitis lesions to infection by bacteria,
evidence was obtained that avian reoviruses did replicate in some
types of phagocytic cells from chickens and affect the function of
these cells.

Avian reovirus was found to proliferate in cultured

adherent MN of bone marrow and peripheral blood origin, thus
confirming the findings of Bulow and Klasen (1983} and Haffer {1984).
Strain variation in the extent of replication of avian reoviruses in
the cultured MN was also detected, possibly related to the antigenic
type of virus; the strain of antigenic type A and the RAM-1 strain
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replicated to a greater extent than the strains of antigenic types B
and C.

Strain variation in the replication of avian reovirus was

also reported by Billow and Klasen {1983).

The avian reoviruses

caused lysis of the cultured adherent MN and markedly reduced the
phagocytic function of these cells prior to the cell lysis.

This

effect was not observed in uninfected cells exposed to media from
infected cells, indicating it was due to direct viral infection and
not to cytokines released from the infected cells.

These in ritro

results suggest that avian reovirus infection could predispose to

staphylococcal infection in vivo by either reducing the number or the
phagocytic activity of adherent MN.
The ability of some virus strains to replicate in macrophages has
been shown to be correlated with their virulence in animals (Mogensen
1984).

Although strain variation in the extent of replication of

avian reoviruses in cultured adherent MN was shown to occur, there is
no evidence that any particular type of avian reovirus is associated
with tenosynovitis in Australian poultry (Robertson 1986).

However,

the possible association between the ability of reovirus strains to
replicate in macrophages and virulence should be considered in any
future investigation of the pathogenicity of Australian strains of
avian reovirus; two of the four strains examined in the current study
replicated to a greater extent in cultured adherent MN than the other
two strains examined and may have greater pathogenicity in vivo.

The

greater susceptibility of younger chickens to avian reovirus
infection (Jones and Georgiou 1984) may also be associated with the
decreased ability of viruses to replicate in macrophages derived from
mature animals (Mogensen 1984).
In mammalian systems, the replication of viruses in PMN, the
mammalian equivalent of heterophils, has not been detected (Mims
1982) although some virus infections do interfere with the function
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of PMN (Kleinerman et al 1987; Martin et al 1981; Bale et al 1985;
Henricks et al 1985).

Similarly, in the current study although avian

reovirus was shown to replicate in and affect the function
of cultured adherent MN of blood and bone marrow origin of chickens,
no replication of avian reovirus was detected in other leukocytes
(lymphocytes and heterophils).

Avian reovirus infection also did not

interfere with the bactericidal activity of avian heterophils, had no
direct or indirect effect on the phagocytic functions of these cells
and did not appear to have a direct effect of the adherence of
heterophils to nylon fibres.

These results suggest that the apparent

increase in pathogenicity of the normally non-pathogenic
staphylococcal strains 1333 and 1609 in some chickens with the
tenosynovitis syndrome was not due to a direct or indirect effect of
a primary reovirus infection suppressing the bactericidal activity of
heterophils for these strains.

The hypothesis that the pathogenicity

of the normally non-pathogenic S. aureus strain 1333 could have been
enhanced by suppression of the bactericidal activity of heterophils

by avian reovirus infection was therefore not supported by the in

vitro studies which were performed.

However, although these non

pathogenic strains were phagocytosed by MN to a lesser extent than
the pathogenic strains of S. aureus, the proliferation of the
normally non-pathogenic strains in chickens could have been enhanced
by reovirus infection which would probably result in a reduction in
number or functional activity of tissue MN.
While the in vitro studies did not support the hypothesis that avian
reovirus infection could suppress the bactericidal activity of
heterophils, it is yet to be shown whether any suppression of
heterophil phagocytic function by avian reovirus infection can be
demonstrated in vivo in reovirus-infected chickens: there is no
evidence from the present study to suggest any interference will
occur.

The studies, however, demonstrated that avian reovirus
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proliferates in, causes a reduction in phagocytic function and
destruction of MN, and this interference is a likely mechanism
whereby the proliferation of both pathogenic and non-pathogenic
strains of staphylococci is facilitated in avian reovirus-infected
chickens.
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