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If you can keep your head when all about you
Are losing theirs and blaming it on you;
If you can trust yourself when all men doubt you,
But make allowance for their doubting too;
If you can wait and not be tired by waiting,
Or being lied about, don’t deal in lies,
Or being hated don’t give way to hating,
And yet don’t look too good, nor talk too wise.

If you can dream - and not make dreams your master;
If you can think - and not make thoughts your aim;
If you can meet with Triumph and Disaster
And treat those two imposters just the same;
If you can bear to hear the truth you’ve spoken
Twisted by knaves to make a trap for fools,
Or watch the things you gave your life to broken,
And stoop and build ’‘em up with worn-out tools.

If you can make one heap of all your winnings
And risk it on one turn of pitch-and-toss,

And lose, and start again at your beginnings
And never breathe a word about your loss;

If you can force your heart and nerve and sinew
To serve your turn long after they are gone,

And so hold on when there is nothing in you
Except the Will which says to them: "Hold on!"

If you can talk with crowds and keep your virtue
"Or walk with Kings - nor lose the common touch,
If neither foes nor loving friends can hurt you,
If all men count with you, but none too much;
If you can fill the unforgiving minute
With sixty seconds’ worth of distance run,
Yours is the Earth and everything that’s in it,
And - which is more - you’ll be a Man, my son!

Rudyard Kipling
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THESIS SUMMBRY

This thesis examines the insect immune system using the cockroach,

Periplaneta americana as a model. Host immunocompetence has been

investigated by studying the cellular immune response to infection with

Moniliformis moniliformis (Acanthocephala) and Hymenolepis diminuta

(Cestoda) . Studies of this nature are relevant to medicine, veterinary
science and agriculturé because of the deprivation and suffering caused
by insects as disease vectors and as pests.

A general introduction (Chapter 1) provides information on the 1life-
cycles and biology of the parasites used in this study and gives an
overview to the study of invertebrate immunology, emphasising
functional aspects of the insect cellular immune response. In Chapter 2

the experimental procedures used throughout the work are detailed.
CHAPTER 3 — TOTAL CELL COUNTS, PHAGOCYTOSIS AND NODULE FORMATION

Chapter 3 investigates the circulating blood cell number, the
phagocytic capacity of the haemocytes and the tendency of cells to
aggregate (nodule formation) after immune manipulation. Hymenolepis
oncospheres significantly increased both circulating cell number and
phagocytic capacity of the blood cells. Both Zs, containing pBI1,3-

glucans, and Moniliformis acanthors lowered the cell count but only 2Zs

stimulated nodule formation. The total cell count remained unaltered in

animals parasitised with a known dose of Moniliformis acanthellae.

- These results are discussed in relation to parasite survival and
immunocompetence.
It can be concluded that Hymenolepis has a stimulatory effect on the

immune system of the cockroach.



CHAPTER 4 — ENCAPSULATION AND SPREADING

Haemocytes in the in vitro encapsulation assay retained the ability
to discriminate between surfaces of different charge. Examination of
the ultrastructure of haemocytes encapsulating target particles
revealed that the plasmatocytes are the main capsule forming cells in
vitro. This was further supported by the observation of phagocytic
cells incorporated into capsules. Cytochemical processing of capsules
showed.that acid phosphatase and peroxidase are present in the adherent
cells,

The capsule thickness around beads encapsulated in vivo was reduced

when animals were Hymenolepis infected and unaltered after Moniliformis

infection. These results are discussed in the light of evidence on cell
.counts from the previous chapter. Analysis of the ability of haemocytes
to spread on protein-coated glass after infection indicated that
reduced capsule thickness had not resulted from alterations in cell

spreading.
CHAPTER 5 - THE FLOW CHANBER

The discriminatory abilities of the haemocytes were tested in Chapter 5
and correlated with the activities of the lectin-ligand interaction
thought to be associated with cellular recognition of "non-self" in
invertebrates.

Cockroach haemocytes possess a galactose-specific lectin on their
cell membranes and cell adhesion to galactose rich (porcine stomach
mucin) and galactose poor (bovine submaxillary mucin) glycoproteins has
been investigated. A method for assessing vertebrate blood cell

adhesion in vitro under flow conditions was modified for use with

X1



insect haemocytes.
- Haemocytes adhered better to the galactose-rich porcine stomach mucin
(PSM) compared with the galactose-poor (but sialic acid—rich)‘ boviﬁé”
submaxillary mucin (BSM). Infection with Hymenolepis improved the
adhesion of cells to both BSM and PSM which may indicate a generally
enhanced acuity of recognition and immune responsiveness. Zs stimulated
improved adhesion to BSM but this was associated with reduced = adhesion
to PSM and this is likely to reflect subpopulation depletion as
haemocytes participate in nodule - formation in wvivo. Finally,

Moniliformis acanthors and acanthellae had no effect on cell

adhesiveness in the flow chamber. These results are discussed in
relation to immune recognition and parasite survival. Since Hymenolepis

and Zs alter adhesion to the glycoproteins whereas Moniliformis does

not, it can be concluded that the former are'recognised by the immune
system whereas the latter is not. Evasion of recognition mechanisms

rather than suppression of effectors by Moniliformis is suggested by

these data.
CHAPTER 6 — CYTOCHEMISTRY

The intracellular enzymes, acid phosphatase, peroxidase and lysozyme
have been localised in the granules of cockroach haemocytes. The
plasmatocyte subpopulation is heterogeneous with respect to these
enzymes. Approximately 90% of plasmatocytes contain acid phosphatase,
30% contain peroxidase and 40% contain lysozyme. The phagocytic
subpopulation of plasmatocytes (10% in the naive animal) do not contain
peroxidase. The role of peroxidase in the immune response is discussed
in the light of this finding and other circumstantial evidence and it

is proposed that the cytochemical assay may be detecting a subtype of

Xii



prophenoloxidase, called a laccase.
" Haemocytes did not reduce nitroblue tetrazolium after phagocytosis
suggesting that the respiratory burst does not occur in these cells and
that the peroxidase detected by cytochemical means is not associated
with. the evolution of toxic oxygen metabolites.

Intracellular acid phosphatase was unaffected by all pre-treatments
whereas peroxidase activity was significantly elevated by Hymenolepis
infectign and unaffected by 2s injection and infection with

Moniliformis acarithellae. These results have important implications for

understanding immune activation and parasite survival.
CHAPTER 7 — GENERAL DISCUSSION

In this chapter a summary diagram collates the evidence on cell
behaviour from preceding chapters and draws conclusions on immune
résponsiveness and parasitism.

The evidence for immune stimulation by Hymenolepis shows that this
parasite is recognised as non-self by the host and the immune system

mounts an appropriate cellular responsé to combat the infection.

Although immune suppression by Moniliformis is not excluded, the
present work strongly supports immune evasion as ﬁhe mechanism of
survival by this parasite.

The work presented in this thesis provides a fuller ﬁnderstanding of
how the cellular immune system of the insect responds to infection and
provides a sound basis for further studies on host-parasite

interactions using this model system.

xiii
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CHAPTER 1 — GENERAL INTRODUCTION

This thesis combines the study of cell biology, more specifically
immunology, and parasitology to provide information on the immune
response of insects to helminithic invasion. The introduction is
divided into seven sections. The first section examines the rationale
for studying invertebrate immunology. Later sections deal with
parasite-host interactions and are followed by a detailed discussion .of

the components of the invertebrate immune response.

1.1. WHY STUDY INVERTEBRATE IMMUNOLOGY?

Insects destroy crops and transmit many serious diseases to humans and
livestock causing at least, reduced fitness, and at worst, death. In
the 1960s insecticides were hailed as having revolutionised
preventative medicine in the tropics but these hopes were destroyed
Qith the emergence of resistant strains of insect. As public opinion
changes on environmental pollution, particularly chemical
contamination, biological control of agricultural and medical pests
becomes a desirable alternative to insecticides.

- For biological control programmes to be successful, it is essential
that as much as possible is known of the biology‘of the pest. Although
other control methods exist, such as releasing sterilised males into
, the gene pool, control by pathogenic organisms and parasites is of most
relevance to the present study. One important consideration in control
regimes is to understand how the insect defends itself from infection
before we attempt to interfere with parasite or host susceptibility.

Herein lies the need to study invertebrate immune systems.



1.2. THE BARRIERS TO INFECTION

- To gain access to the intrerna“lhep\{ironment of the host, the parasite

must first overcome defences erected by the host. The barriers to
infection may be physical (eg. exoskeleton), physiological or
biochemical (eg. host does not possess gut conditions compatible with
parasite hatching’and, survival), and immunological (eg. the organism is
phagocytosed by the immune cells). |

This section will discuss the barriers presented by the host to

infection and how the invading organisms might circumvent them.
PHYSICAL BARRIERS TO INFECTION

The arthropods present a hard chitinous exoskeleton, impenetrable to
most organisms, except a few parasitic fungal species. Therefore, by
far the most likely mode of infection for the arthropods is via the
gut, especially true of animals which have adopted a scavenging
lifestyle.

The digestive system of insects is divided into the chitinous and
highly impenetrable foregut and hindgut,‘ and the midgut which is 1lined
with the peritrophic membrane and is more readily penetrated by a
suitably armed parasite (see Chapman, 1985 for overview of insect gqut
structure) . After ingestion, the parasites may be stored along with-
food items in the crop of the insect. Excessively long storage periods
in the crop may cause parasite death through exhaustion of essential
nutrients. Crop emptying rates are influenced by several factors
including the osmotic pressure of the haemolymph, tl;e amount of sugar
present in the meal (Treherne, 1957) and the size of the meal

(Englemann,1968) . Gut transit times are variable between species (for



review see Dow, 1986) and this has important implications in assessing
the suitabiiity of the insect as a host.

- In- contrast- with mammals,- insects - do -not possess -gut—associated
lymphoid tissues yet colonisation of the gut with pathogenic organisms
induces haemocytic immune responses, but no protective immunity
(Glinski and Jarosz, 1986). This suggests first, that the insect immune
system relies on a non-specific or innate immunity rather than an
acquired immune response with a memory component, and second, that the
immune system can be alerted by oral infection with potentially
dangerous organisms. Since several helminths choose this route for
infection, information on the immune response to stimulation wvia the
gut is relevant to the natural situation. Indeed, recent reports
4suggest that immune stimulation occurs in cockroaches after feeding

with the rat/beetle tapeworm, Hymenolepis diminuta (Holt, 198%a). This

will be researched further in the present work.
IMMUNOLOGICAL RARRIERS TO INFECTION

After breaching the physical defences, the invader is confronted with
the immune system of the invertebrate host. A well-adapted parasite
will survive in the host until completion of the parasitic lifecycle,
for example, until an opportunity arises to infect the final host.
Precisely how these organisms live in contact with the immune system
vet avoid attack iv's largely unknown. However, it is possible to predict
that either recognition is avoided, by molecular m.imicry for example,
or the cellular activity is prevented, as in antigen shedding (see
reviews by Bayne and Yoshino, 1989; Lackie, 1986b, Yoshino and Boswell,
1986) .

The following sections will introduce the parasites used in this



thesis and their lifecycles and discuss how the immune system of the

insect may respond after infection.
1.3. THE COCKROACH/PARASITE MODEL

Immunological analyses of host responses to parasites are best
performed using well-defined experimental systems in which variables
can be controlled. Although desirable, the practical difficulties of
cellular ithunology in insects as small as mosquitoes are simply
enormous, although some authors have gallantly persevered (see Hall,
1983 for review of mosquito cell-mediated immunity). The cockroach,

Periplaneta americana (Dictyoptera) is a useful model for studies on

insect immunology because of its large haemolymph volume, the ease of
laboratory maintenance and the wealth of information which exists on
the biology of the animal. More specifically, the absence of allogeneic
recognition and some combinations of =xenogeneic recognition by the
immune cells (Lackie, 1979; 1986a) provides the opportunity for
experimental procedures not possible in higher animals.

The lif@qygie of both Hymenolepis diminuta and Moniliformis

moniliformis are readily maintained in the laboratory in their final

host, the rat, and their intermediate insect hosts (see Figs. 1.1 and
1.2) . Although both these parasites share the same final host and are,

therefore, likely to occur concomitantly, Moniliformis naturally

infects the cockroach whereas Hymenolepis does not. These systems
provide useful models to study the discriminatory abilities and
responsiveness of insect immunity.

By understanding the immune response which precedes elimination of

Hymenolepis in the model system, a similar effector mechanism might be



enhanced and exploited in biological control programmes against

parasites of medical importance. Also, understanding how Moniliformis

- avoids attack during development in the haemocoel may show the

weaknesses in recognition or response in the insect immune system, of

use in insect pest control using pathogens.

1.4, PARASITE SURVIVAL IN THE IMMUNE ENVIRONMENT

Parasitism is a balance between the benefit to the parasite in using
host resources and the need for the host to avoid over-exploitation by
the parasite. These factors work at the level of the individual as well
as the population level. A well-adapted parasite is likely to cause the
minimm of damage to the host while facilitating its own survival.

In the present study, host survival has been studied using the

Moniliformis moniliformis/cockroach model.

The Lifecycle of Moniliformis moniliformis

Moniliformis moniliformis (previously known as Moniliformis dubius) is

primarily a rodent-infecting acanthocephalan (Acanthocephala:
Archiacanthocephala), although cases of human infection have been

reported (Sahba et al., 1970). The cockroach, Periplaneta americana

'serves as an intermediate host, becoming infected under natural
conditions by ingestion of the eggs (see Fig. 1.1 for lifecycle and
Crompton and Nickol, 1985; Nicholas, 1967 for general biology). The

dispersive stage or egg of Moniliformis was termed the shelled acanthor

by Nicholas and Hynes (1963) because of ‘the four surrounding protective
envelopes. The egg is released by the adult female worm and is passed
out in the faeces to be eaten by foraging cockroaches. Hatching of the

acanthor is thought to be aided by a combination of larval enzymes,



rostellar hook activity (Edmonds,1966) and the ionic conditions of the
host gut (Starling, 1985). After hatching, the larvae penetrate the
cockroach gut, emerging in the haemocoel between 10 and 14 days later
(Robinson and Strickland, 1969).

The parasite passes through several stages within the haemocoel of
the cockroach, with completion of development occurring at around 7-8
weeks post infection depending on temperature (King and Robinson, 1967;
Lackie, 1972a). Moore (1933) described the 1lifecycle of M.

moniliformis. However, the nomenclature of King and Robinson = (1967)

will be used in this thesis.

Acanthor I - the hatched motile acanthor prior to penetration of
. the cockroach qut.

Acanthor II - the acanthor as it penetrates the midgut wall using
the rostellar hooks and emerges in the haemocoel.

Acanthella I - the body spines are lost and the rostellar hooks are
displaced from their anterior position.

Acanthella II - formation of the lemniscal nuclear ring.

Acanthella III - parasite increases in size. Larval body becomes 2Z-
shaped within the envelope.

Acanthella IV - appearance of lemnisci.

Acanthella V. - body becomes shortened, rounded and flattened.
Acanthella VI - invagination of the proboscis and neck.
Cystacanth - infective stage. Envelope enlarged. Body cap-shaped

and shortened.
The Origin and Ultrastructure of the Envelcope

There has been much controversy as to whether the cystacanth envelope
is host or parasite derived. Crompton (1964), studying the development

of the capsule around Polymorphus minutus in Gammarus pulex, suggested

that the envelope arose as an eversion of the damaged gut serosa and



RAT
-FINAL HOST

EGGS

CYSTACANTH

COCKROACH
-INTERMEDIATE HOST

THE LUFECYCLE OF
MONILIFORMIS MONILIFORMIS

STAGE IIl ACANTHELLA STAGE | ACANTHELLA

FIGURE 1.1 THE LIFECYCLE OF MONILIFORMIS MONILIFORMIS

The adult worms infect the rat gut and eggs are released along with the faeces. Cockroaches
(Periplaneta americana) ingest the eggs which hatch in the midgut and the acanthors burrow
across the gut wall. Development proceeds in the haemocoel. The cystacanth is infective to the rat
final host (after King and Robinson, 1967).



that the wound-healing response of host haemocytes contributed to the

structure of the parasite envelope. However, this seems unlikely since

~acanthors hatched in vitro developed normally when injected directly -

into the cockroach haemocoel, so by-passing gut penetration (Robinson
and Strickland, 1969). |

Examination of the ultrastructure of the developing envelope provided
evidence that the envelope was of parasite origin (Wright and Lumsden,
1968) and arose from microvillar projections of the early acanthella
tegument (Lackie and Rotheram, 1972: Rotheram and Crompton, 1972). The
success of in vitro culture of hatched acanthors, in which the
menbraneocus coat was formed, provided further evidence for the envelope
being parasite-derived (Lackie, 1973). Finally, the absence of
haemocytes on the surface of acanthellae envelopes implied that
haemocytic material was not required for envelope development (Lackie
and Rotheram, 1972). It is now widely accepted that the envelope 1is
produced by the parasite.

Several authors have studied the ultrastructure of tﬁe larval

envelope of M. moniliformis (Mercer and Nicholas, 1967; Lackie and

‘ Rotheram, 1972). The stage I acanthella is surrounded by a membranous
and vesicular coat which may be formed from microvillate projections of
the parasite tegument (Rotheram and Crompton, 1972). Haemocytes are
found adhering to the surface of the membrancus layer or embedded
within it. By the cystacanth stage the envelope encloses the parasite
very loosely, being separated from it by viscous material. The
cystacanth enyelope is formed of 3 layers, an inner loosely packed
layer surrounded by a distinct amorphous layer and an outer layer

containing loosely packed small vesicles.



Moniliformis - Immune Suppression or Evasion?

The immune system of an animal may be suppressed either by reducing the
~availability of effectors, for example by lowering the cell count or by
decreasing their effectiveness, for example by shedding molecules which
block cellular binding sites so preventing cell adhesion to the
invader.

By suppressing the host immune system, the parasite endangers its own‘
survival since the host becomes more susceptible to opportunist
infections. This is relevant for both the individual and the species
since increased mortality of individual host animals due to parasitism
may lead to a shortage of available hosts.

If the time for parasite development is short then immune suppression
is a more viable proposition than for parasites with longer

developmental periods. Moniliformis, which takes several weeks to

develop in the insect haemocoel, has been suggested as suppressing the
host cellular immune system (Lackie and Holt, 1988) even though to do
so could be fatal for both organisms. Selective suppression of immune
components could pefmit survival of one parasite yet still leave a
relatively competent immune system. This hypothesis will be discussed
later in this thesis.

Other examples of host immune suppression by parasites exist in the
literature. Parasitic wasps, which lay their eggs in the larvae of
other insects, have been reported to suppress the immune system of the
host (Walker, 1959; Nappi and Streams, 1969), although the suppressive
effect on the defences may be due to concurrent infection with wviruses
(Guzo and Stolz, 1987).

An alternative strategy to suppression is immune evasion, in which



the host does not recognise the invader as foreign. Either the parasite
has evolved to look like "self" or it can adsorb host r’ﬁoirekcule:s” ;15 é
-disguise.

The larval envelope may have a protective role in defending the
parasite against the insect immune system by mimicking cockroach
tissues (Lackie, 1975). Robinson and Strickland (1969) found that de-

enveloped larvae of M.moniliformis were encapsulated when injected into

naive cockroaches. Further evidence for immune evasion was provided by

the surprising discovery that H. diminuta larvae can survive within the

cockroach host by entering the M. moniliformis envelope (Holt, 1989b).
Lackie and Lackie (1979) tested the hypothesis that the envelope
exhibited surface determinants which mimicked host tissues.

Moniliformis larvae raised in locusts then transferred to cockroaches

were not recognised as foreign. Since cockroaches can mount an immune
response to haemolymph from locusts (Lackie, 1986a), it seemed unlikely
that the parasite was disguised as the locust host. Rapid turnover of
host-derived envelope molecules may replace the locust determinants
before immunorecognition had occurred in the cockroach host.

Whatever the mechanism Moniliformis uses to survive long-term in the

cockroach host, it seems not to be in operation immediately the
acanthor enters the haemocoel. Newly emerged acanthors are encapsulated
by blood cells and haemocyte's aggregate around the sites of gut
penetration (Robinson and Strickland, 1969).

Lackie (1986b) has reviewed immune evasion by helminthic larvae in
some detail and the reader is referred to this work for more in-depth
discussion. In the work reported here, the question of immune

suppression or evasion by Moniliformis has been investigated using

assays for immunocompetence.
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1.5. PARASITE ELIMINATION FROM THE IMVINE ENVIRONMENT

A parasite which is poorly adapted to the host may either inflict
excess damage on the host or may fail to survive the onslaught of the
immune defences. In the work presented here, Hymenolepis infections in
the cockroach were used to model the defence response of an insect to a
parasite which is susceptible to attack. By assaying immunocompetence
in naive and Hymenolepis-infected animals an insight is gained into how

the cellular immune defences respond to infection.

Hymenolepis diminuta

Hymenolepis diminuta (Platyhelminthes: Cestoda) has been found to hatch

successfully within the cockroach gut but seems unable to penetrate the
muscular midgut wall, becoming melanised and necrotic before complete
penetration has occurred (R. Holt, unpublished observations). That ’the
parasite is capable of hatching within the midgut suggests that the
cockroach is physiologically an appropriate host and oncospheres
hatched in vitro and injected directly into the haemocoel may develop
within the cockroach, although the survival rate is low (Lackie, 1976).

This implies that the gut is not the only barrier to Hymenolepis »

development within the cockroach.
Since H. diminuta is most often found melanised or encapsulated
within the tissues or haemocoel of the cockroach, it is clear that the

immune system is responsive to invasion by this parasite.

The Lifecycle of Hymenolepis diminuta

The cestode H. diminuta is parasitic in the rat gut. Infection occurs

when the final host eats an infected intermediate host, commonly the

11



flour beetle, Tribolium confusum, and the worm achieves patency at

" approximately 17 days later. Infection of the intermediate host occurs
after ingestion of gravid proglottids which detach from the posterior
portion of the adult worm and pass along the rat intestine in -the
faeces (see Arai, 1980 for general biology of the tapeworm). Mechanical
disruption of the outer shell of the egg by the insect mouthparts is
required for hatching of the larva (Berntzen and Voge, 1965). After
hatchiné;, the oncosphere penetrates the anterior portion of the beetle
midgut using the oncospheral hooks (Lethbridge, 1971) and an enzyme
secreted from the penetration gland (Ubelaker, 1980).

Five stages have been recognised in the larval development of H.
diminuta in the flour beetle T. confusum (Voge and Heyneman, 1957).

Stage 1 - 48hrs,the larva has a rounded appearance with the oncospheral
hooks still visible.

Stage 2 - 48-72hr, a body cavity develops, oncospheral hooks move to
posterior. Larva spheroidal.

Stage 3 - 72-120hr, larva begins to elongate and central cavity
enlarges. Body divisions are distinguishable as tail, mid-
body enclosing a large cavity, and the fore-body which will
form the scolex.

Stage 4 - 120-140hr, the suckers become visible and the mid-body
widens. The scolex is motile and withdrawn into the body
cavity in the late stage 4.

Stage 5 - 144-192hr, the midoody and tail elongate. The scolex becomes
more motile. At this stage the larva is infective to the

primary host.

Host Response to Hymenolepis diminuta

Ubelaker, Cooper and Allison (1970) suggested a protective role against
the host immune system for the outer layer of the H. diminuta
cysticercoid, the microvillus layer. Vesicles formed from the

microvillus layer were numerous in regions of the body wall in contact
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FIGURE 1.2 THE LIFECYCLE OF HYMENOLEPIS DIMINUTA

Adult worms infect the gut of the definitive host, the rat, and eggs pass out with the faeces.

~Flour beetles, Tribolium confusum, ingest the eggs which hatch and oncospheres penetrate the
gut wall. Development proceeds in the haemocoel and the final stage, the cysticercoid, is

infective to the rat host (after Voge and Heyneman, 1957).



with hostwl}aechytesf The cells were then lysedﬂ and these researchers
suggested that the vesicles contained material toxic to the cells.

In the flour beetle, the haemocytes appear capable of mounting an
immune response to some hymenolepidid species. Heyneman and Voge (1971)
compared the cellular response to H. diminuta, H. microstoma and H.

citelli. Both H. diminuta and H.microstoma generally escaped

encapsulation but H. citelli, which does not naturally infect flour
beetles, became encapsulated.

Inmunogenicity of hymenolepid cestodes in their hosts may be affected
by changes in parasite antigenicity throughout development and
differentiation (Ito et al., 1989). Although this may explain how the
parasite escapes the host immune system, further work is needed to

identify potential immunogens characteristic of the parasite stages.
1.6. THE IMMUNE RESPONSE

An efficient immune system can distinguish "self" from "non-self", -
remove potentially harmful organisms from circulation and destroy them.

The blood of higher vertebrates contains several readily
distinguishable cell types eg. macrophages, lymphocytes which mediate
specific and non-specific immunity. The plasma contains
immunoglobulins, complement and other proteins involved in defence. The
evolution of a complex immune system provides the higher animal with a
flexible, specific response with a memory component, commonly known as
adaptive or acquired immunity. In addition, vertebrates possess innate
immunity, so-called because prior expo‘sure' to the agent does not
heighten the responsé. Indeed, it is likely that acquired immunity

evolved to enhance the effectiveness of the innate immunity. How
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lower animals defend themselves from invasion has long been of minor
importance to vertebrate immunologists and, compared with the
‘vertebrates, the invertebrate defence system seems deceptively simple
and primitive. Yet invertebrates provide an exciting and challenging
. opportunity to investigate an immune system which is devoid of
classical humoral immunity ie. immunoglobulin and complement (Anderson,
1976) and most likely, memory. Although some authors (Karp and Rheins,
1980) have reported specific memory in invertebrate humoral defences,
" additional conclusive evidence is required. Thus, we have a perfect
model in invertebrates to examine the functional importance of a
cellular immune system which relies heavily on the components of innate
immunity (see Ratcliffe et al., 1985; Lackie, 1986b; 1988a; 1988b for

comprehensive reviews of invertebrate immunology) .
1.6.1. HOMORAL IMMUNITY

This topic has been reviewed by Boman and Hultmark (1981: 1987) and the

reader is referred to this work for detailed discussion.
The Anti-bacterial Proteins

Humoral antibacterial activity can be induced in some insect species in
response to infection and can be attributed to humoral proteins. Most
notable and best researched are the inducible anti-bacterial proteins

of the holometabolic Lepidoptera. Larvae of Hyalophora cecropia provide

a useful model because of their ample blood volume and their ability to
combat infection while in diapause. After wounding (Postlethwait et
al., 1988) or infection with live non-pathogenic bacteria or killed
pathogens, the protein composition of the haemolymph is modified by the

appearance of proteins which have been newly synthesised in the fat
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“body (Trenczek, 1986) and this is associated with a non-specific

protection against challenge. Around 15-20 inducible proteins have been
found in the haemolymph of H. cecropia. Several of these molecules
have now been purified and their molecular structure determined (for
reviews see Hultmark et al., 1983; Boman, 1986). Three groups of
antibacterial proteins are recognised on the basis of their structures
and activities; the cecropins, the attacins and lysozyme.

Most of the antibacterial activity of the inducible proteins can be
attributed to small (4Kd) basic proteins, the cecropins, previously
named P9 (see Boman, 1986 for review). These proteins are effective
against both Gram positive and Gram negative bacteria (Hoffman et al.,
1981) and a detergent-like activity against the membrane has been
proposed because of their structure (Boman, 1986).

Attacins, previously known as P5, have been found in the haemolymph

of cecropia (Hultmark et al., 1983), Glossina morsitans (Kaaya et al.,

1987) and Drosophila (Flyg et al., 1987). The attacins of H. cecropia
are 6 closely related 20-23Kd proteins which may be sub-divided into 2
types according to their molecular structure. Attacins A-D are basic
whereas attacins E and F have acidic properties. The attacins appear to
affect cell division and are effective against a limited number of Gram
negative bacteria in a dose-dependent manner (Hultmark et al., 1983;
Kaaya et al., 1987).

Originally cecropins and attacins were thought to occur exclusively
in the Holometabola eg. Lepidoptera (Hultmark et al., 1983; Hoffman et
al., 1981) and Diptera (Kaaya et al., 1987; Flyg et al., 1987).
However, cecropin-like molecules with bactericidal properties have

recently been found in the bug, Rhodnius prolixus (De Azambuja et al.,
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1986) . Although inducible proteins are detectable in the Orthoptera,
their antibacterial activity can be. assigned. to  lysozyme  (Schneider,
1985) .

Lysozyme is one of the antibacterial proteins found in immune
haemolymph (Mohrig and Messner, 1968) which has since been purified and
characterised (Powning and Davidson, 1973; Zachary and Hoffman, 1984;
Schneider, 1985). This 1lytic enzyme acts specifically on the 181,4—
linkage between N-acetylglucosamine and N-acetylmuramic acid of
peptidoglycan in the cell walls of Gram positive bacteria. Lysozyme is
induced by wounding, saline injection, whole heat—kilied bacteria
(Jarosz and spiewak, 1979), bacterial lipopolysaccharide (LPS), abiotic
particles (Anderson and Cook, 1979; Mohrig and Messner, 1968) and
bacterial cell walls (Powning and Davidson, 1973). The flagellates,

Trypanosoma brucei and leishmania hertigi induces lysozyme production

in the haemolymph of the cockroach, P. americana (Ingram et al., 1984)
and lysozyme has been found to be effective in killing many
intracellular organisms. | | |

Lysozyme was originaliy assigned a central role in humoral immunity
"by some authors (Mohrig and Messner, 1968), while others (Chadwick,
1970; Tripp, 1975) were more reserved about the biological function of
this enzyme in invertebrate immunity. Multiple lysozymes were found in

the cricket, Gryllus bimaculatus, a hemimetabolic insect which lacks

cecropin-like activity (Schneider, 1985). However, insects can
eliminate bacteria resistant to lysozyme activity (Boman, 1982) so
lysozyme must work in concert with the other bacterial proteins.

Although lysozyme is induced by colonisation of Galleria mellonella gut

with pathogenic bacteria, it does not confer protective immunity to

challenged animals (Glinski and Jarosz, 1986). The primary function of
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haemolymph lysozyme may not be protective, therefore, but rather

degradative, acting on the cell wall of organisms killed by the other

antibacterial proteins.

P4 is the major induced protein of Hyalophora cecropia, yet its

function in the immune response remains to be determined. Two forms of
P4 exist, both with a molecular weight of 48Kd, and these have been
isolated and charactérised (Andersson and Steiner, 1987). This protein
does not exhibit antibacterial properties, yet the haemolymph P4 titre
increases with bacterial infection.

Other antibacterial proteins have been isolated from dipteran flies,

including Sarcophaga peregrina (Okado and Natori, 1985) and Drosophila

melanogaster (Robertson and Postlethwait, 1986). More recently,

Lambert et al. (1989) have isolated and characterised two 4Kd peptides,
which they term "insect defensins”, from the dipteran, Phormia
terranovae. This insect lacks haemolymph lysozyme yet exhibits potent
anti-Gram positive activity, now attributed to the defensins. These
molecules are not analagous to any other known antibacterial protein of
insects, yet they have many structural similarities to cationic

peptides of vertebrate macrophages and neutrophils.
Humoral Encapsulation

Acellular, or humoral capsules are usually found in insects in which
cellular immunity is limited because of a low haemogram and occur in
dipteran flies in response to nematodes, fungi and bacteria (see Gotz,
1986a, for review) and non-living material (Gotz, 1986b). Humoral
encapsulation of bacteria has been observed in vitro and the efficiency

and speed of encapsulation is independent of the bacterial type (Gotz
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et al., 1987).

Melanin seems to be a constituent of humoral capsules since

phenoloxidase inhibitors prevent hardening of the capsule (Vey and
Gotz, 1975). Intérestingly, Chen and Laurence (1985) have reported
that the pigmented layer, the humoral capsule, is deposited around

microfilariae of Brugia pahangi before the onset of cellular

encapsulation in the anopheline mosquito host. These authors suggest
that phenolic compounds produced during the melanotic capsule formation
are toxic and that the subsequent cellular capsule might serve to

isolate these destructive molecules and protect the host tissues.
MELANISATION AND PROPHENOLOXIDASE

Melanin is often associated with the cellular and humoral immunity of
invertebrates since it is found at the centre of nodules and is a
component of humoral (Gotz, 1973: 1986b) and cellular capsules (Nappi,
1973) . Consequently, this substance and the precursor enzymes requiréd
for its production, such as prophenoloxidase, ‘_ have been thoroughly
investigated because of their importance in the immune system.
Phenoloxidase is the end-product of the activation of
prophenoloxidase (Soderhall, 1982), via a complex biological cascade
pathway (Ashida and Soderhali, 1984; Soderhall and Smith, 1986).
Prophenoloxidase is an intracellular, inactive pro-enzyme and several
serine proteases and calcium ions are involved in the activation
process. A number ofrnon—self molecules, such as bacterial
lipopolysaccharides and /Bl,3—glu¢ans (Soderhall and Hall, 1984; for
reviews see Soderhall, 1982; Soderhall and Smith, 1986; Brehelin et al,
1989) can trigger prophenoloxidase activation. Huxham and Lackie (1986)

have described a simple in vitro method for testing the stimulatory or
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inhibitory effects of various molecules on the prophenocloxidase
- pathway. - Some similarities between the prophenoloxidase system -and -
mammalian complement do exist: both can be activated by zymosan and
bacterial lipopolysaccharide (Czop and Austen, 1985) and both are
activated by a cascade reaction but whether the two are functionally or
phylogenetically analagous is debatable.

That phenoloxidase is involved in cellular immunity has long been
suspected but the exact role played by the enzyme has proved elusive
(for review see Soderhall and Smith, 1986). However, there is an
increasing body of evidence which suggests that phenoloxidase performs
other functions in the immune response apart from melanisation.
Soderhall (1982) has suggested that the phenoloxidase pathway may act
as a general recognition mechanism in invertebrate immunity and could
initiate and co-ordinate cellular events.

More detailed investigations using in vitro techniques and separated
cell populations (Soderhall et al., 1986) has provided much information
on the significance of prophenoloxidase in cell behaviour. Smith and
Soderhall (1983a; 1984) found that the phagocytic capacity of crab and
crayfish haemocytes in vitro could be enhanced by the inclusion of
prophenoloxidase activators (laminarin and zymoéan) in the cell culture
medium. An opsonic role for the proteins derived from the
prophenoloxidase cascade was suggested by these authors. In a similar
series of experiments, phagocytosis of bacteria by insect haemocytes
was greater after incubation with laminarin (Leonard et al., 1985) and
bacterial endotoxin, both of which activate prophenoloxidase (Ratcliffe
et al., 1984).

However, opsonisation of bacteria is not the sole explanation for
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improved phagocytic clearance in this situation. Activated

prophenoloxidase stimulates chemokinetic locomotion in cockroach

haemocytes in vitro (Takle and Lackie, 1986) and with enhanced

locomotion, immune surveillance may also improve. Also, Dularay and
Lackie (1985) found that activated components of the prophenoloxidase
syste}n when bound to negatively charged ion-exchange beads did not
alter the ability of locust cells to encapsulate these beads suggesting
that the prophenoloxidase pathway does not have an opsonic function.

However, prophenoloxidase may initiaté and co-ordinate cellular
events in the immune system. A peptide which mediates cell adhesion has
recently been purified and characterised (Johansson and Soderhall,
1988) and its activity is concurrent with prophenoloxidase activation.
Johansson and Soderhall (1989) have found that this pept.ide also causes
degranulation of crayfish granular cells. These authors propose a model
for encapsulation in which the peptide mediates degranulation of
granular cells and attachment of cells to the foreign material. 1In
support of this model, Persson et al. (1987) found that encapsulation
is prevented if haemocyte degranulation is inhibited.

It is clear, therefore, that the prophenoloxidase pathway mediates
many aspects of cell behaviour during the immune response. However, we
should be careful about over-emphasising prophenoloxidase activatioh to

the detriment of other aspects of the immune machinery.
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1.6.2. CELLULAR IMMUNITY

" The blood cells, or haemocytes, circulate freely in the blood space of

the insect and are the effectors of the defence reaction.
CLASSIFICATION OF HAEMOCYTES

Identification and classification of blood cells in the insect is
difficult because of inconsistencies in the methods used for collection
and preparation and the morphological changes which haemocytes undergo
on storage and culture.

Brehelin and Zachary (1986) examined the haemocyte terminology and
classified nine types of insect haemocytes, emphasising the importance
of cell granules for identification. The plasmatocytes, for instance,
were termed agranular cells although other authors (Lackie, Takle and
Tetley, 1985; Huxham and Lackie, 1988) consider that plasmatocytes may
contain granules, at least in some insects. Eric;e and Ratcliffe (1974)
used amoeboid movement as an indicator for the plasnlaﬁocyte cell type.
The reader is referred to a recent review by Lackie (1988) for further
discussion of insect haemocyte types. The terminology used in the
present study for P. americana haemocytes is that of Lackie et al.

(1985) .

Prohaemocytes - These cells are present in low numbers in almost all
insects. The prohaemocytes are small rounded or oval cells (6—13}1m
diameter) with granular cytoplasm and often indistinguishable from the
plasmatocytes. They exhibit a high mitotic index, unusual in
haemocytes, and are considered to be the stem cells of circulating

haemocytes.
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Plasmatocytes - Granular inclusions (0.5 - 1.5pm diameter) are present

in the cytoplasm of these cells.- These large polymorphic cells are

thought to be present in all insects. Plasmatocytes have a high
phagocytic capacity and marked ability to spread, although they usually
appear spindle-shaped in vivo. These cells perform a function in nodule
and capsule formation.

Granulocytes - Unlike the plasmatocytes, these cells appear to be
incapable of extensive spreading, although cytoplasmic extensions
anchor the cell to the substratum. The cytoplasm contains several types
of granules, both structured and unstructured (Goffinet and Gregoire,
1975). Due to the morphological similarity of these cells to the
plasmatocytes, some authors consider them to be the same cell type
(Ravindranath, 1978, Lackie et al., 1985). In this study, granulocytes
are considered to be a behavioural, and possibly functional, subclass
of plasmatocytes. |

Coagulocytes - These are rounded cells of 9 -14um diameter which often

lyse in vitro (Lackie et al., 1985).

Also present but rarely seen in the circulating haemogram are the
oenocytoids, spherulocytes and adipohaemocytes. The oenocytoids contain
homogeneous cytoplasm whereas the cytoplasm of the spherulocytes has
numerous granules. Tﬁe adipohaemocytes are distinguishable by the fat
droplets in the cytoplasm and similarities between these cells and fat

body cells have been noted (Price and Ratcliffe, 1974).
CELLULAR DEFENCE REACTIONS

The blood cells deal with invasion in three ways depending on the

nature of the foreign material. Small particles are engulfed by
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phagocytes or immobilised in nodules if the infection exceeds the
phagocytic capabilities of the blood cells. Larger objects are trapped

in cellularcapsules -
PHAGOCYTOSIS

Phagocytosis is the ingestion of particles by single cells and is
probably, phylogenetically, the oldest and most fundamental defence
mechanism of the host against invaders. Phagocytosis  requires
recognition of and contact with the foreign material before engulfment
and killing can occur.

In the insects, the plasmatocytes are the main phagocytic cells
(Brehelin and Hoffman, 1980; Guzo and Stoltz, 1987). Mammalian
phagocytes have a variety of specialised membrane receptors to enhance
phagocytic uptake, the most important of which recognise and bind
antibody molecules coating ﬁhe invading organism. Since invertebrates
are lacking in immunoglcobulins, lectins have been proposed as opsonins
(see below for discussion).

Although phagocytosis is readily stimulated by particulate material,
non-specific stimuli such as saline injection (Gunnarsson, 1988a)
probably enhance phagocytic uptake as a result of a wound résponse.
Likewise, the ﬁl,3—glucans from yeast cell walls (Bacon et al., 1969)

vastly increase phagocytic clearance of target particles in wvivo

(Gunnarsson, 1988a) and in vitro (Ratcliffe et al., 1984; Huxham and
Lackie, 1988). Evidence presented in this study (Chapter 3) shows that
oral infection with a helminthic parasite also increases phagocytosis
and this could reflect improved surveillance and responsiveness by the

defence system after infection.
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NODULE FORMATION

Nodule formation is the term used by invertebrate haematologists to.
describe the process of cell contact and adhesion resulting in cellular
aggregates. Numerous authors (Salt,1970; Ratcliffe and Gagen, 1976;
Ratcliffe and Walters, 1983; Rahmet-Alla and Rowley, 1989) have
reported the formation of nodules as a response to injected micro-
organisms. However, soluble foreign molecules injected into the
haemocoel also induce nodule formation (Smith, Soderhall and Hamilton,
1984: Gunnarsson and Lackie, 1985) suggesting that cell activation can
occur by binding of soluble molecules to cell surface receptors.
Ratcliffe and Walters (1983) found that nodule formation was
particularly effective in removing large numbers (>103) of pathogenic
and non-pathogenic bacteria from circulation. Nodules are formed in

Galleria mellonella and Pieris brassicae by injection of 1live and

killed Bacillus cereus (Ratcliffe and Gagen, 1976). Nodules are formed

very rapidly in response to infection and both plasmatocytes and
granulocytes participate, the centrally located granular cells quickly
becoming necrotic and melanised while the plasmatocytes flatten forming
a sheath around the melanised core. Melanised nodules are often found
stuck to the internal organs and fat body of insects injected with
bacteria (Ratcliffe and Gagen, 1976).

Gunnarsson and Lackie (1985) tested the efficacy of several microbial

substances at inducing nodule formation in Schistocerca gregaria and

found that fungal spores, bacterial lipopolysaccaride (LPS), ‘51,3—
glucans (zymosan and laminarin) stimulated cell aggregation whereas the
Bl, 6-glucan, dextran, did not. Peptidoglycan is a major component of

the cell walls of Gram-positive bacteria and when the soluble
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peptidoglycan layer is removed by lysozyme pretreatment the stimulatory
effect on nodule formation is reduced (Brookman et al., 1989). These
authors also showed that Capsular polysaccharide would elicit nodule
formation. The responsiveness of the immune cells to several bacterial
components allows the an;'mals to mount an immune response to the
majority of the bacteria found in the natural environment.

The ability of molecules to stimulate nodule formation has been
suggested as correlating with the ability to activate the
prophenoloxidase pathway (Brookman et al., 1989). However, Dularay and
Lackie (1985) found no dependence on prophencloxidase activation for
encapsulation in S. gregaria, since normally non-encapsulated beads did

not become encapsulated even after incubation with haemocyte lysate

containing preactivated phenoloxidase.
CELLULAR ENCAPSULATION

Encapsulation is the "walling—off" of substances or particles too large
to be dealt with by phagocytosis and nodule formation. Helminthic
parasites and fungi are commonly dealt with by encapsulation in
invertebrates, which may be either acellular or cellular. Chapter 4
investigates cellular capsule formation in vivo and in vitro by
haemocytes of parasitised cockroaches.

Encapsulation is perhaps one of the most fascinating defence
phenomena to occur in invertebrates since it encompasses all aspects of
cell behaviour (see Gotz, 1986b; Lackie, 1988a for reviews). To
encapsulate, the cells of the immune system must recognise the invader,
adhere and spread over the surface and interact with other cells to

regulate the event so as to maintain a relatively local response. An
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interesting phenomenon of capsule formation is the continued adhesion
of cells to the foreign cbject even after the surface is covered. Those
cells which adhere later are not exposed to the original surface and,
therefore, must receive the stimulus to adhere indirectly wvia the
encapsulating cells. Salt (1970) rejected the likelihood that factors
diffused across the capsule since inert abiotic implants also
stimulated thick capsules. Cessation of capsule formation is,
therefore, likely to occur when the capsular cells are no longer
"sticky" to the circulating cells (see Ratner and Vinson, 1983a for
discussion of factors controlling encapsulation reactions).

Not all foreign material introduced into the haemocoel is
encapsulated. Some parasites can avoid haemocytic encapsulation eg.

Moniliformis. Plasmatocytes and/or granuldcytes are involved in capsule

formation (Ratcliffe and Rowley, 1979). However, other cell types eg.
coagulocytes may play a part in initiation or cessation of cellular
encapsulatibn. Persson et al. (1987) found that isolated semi-granular

cells of the crayfish, Astacus leptodactylus formed apparently normal

capsules whereas the granular cells, in contrast, were unable to form
the layers of flattened cells characteristic of in vivo encapsulation

indicating that encapsulation requires cell co-operation.
Capsule Ultrastructure

Details of capsule structure and formation in insects have been
elucidated by scanning (Lackie et al., 1985) and transmission electron
microscope studies (Grimstone et al., 1967; Gupta and Han, 1988). The »
formation of capsules can be envisaged as a multi-stage sequence. In
the early stages, haemocytes adhere loosely to form a capsule with a

irregular, narrow outline. Later, the capsule becomes thicker and more
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compact (Salt, 1970) and plasmatocytes adhere and flatten forming
interdigitating layers exhibiting cell junctions (Baerwald, 1979; Gupta
and Han, 1988). By around 18-24hr after implantation, the capsule is
thick, with a regular outline and recruitment of haemocytes has ceased
by between 18-24hr and the central core is often melanised (Takle,
1986) . Finally, capsules are covered with an extracellulaf material
which contains glycosaminoglycans (acid mucopolysaccharides) (Lackie et
al., 1985). A similar material is deposited between the flattened

plasmatocytes (Grimstone et al., 1967).
Cell Spreading and Encapsulation

The relevance of microtubule and microfilament assembly in haemocytes
involved in capsule formation was studied by Davies and Preston (1987).
These authors suggested that the initial adhesion is independent of
normal actin microfilament function although the second phase of cell
spreading and compaction of the capsule depends on actin polymerisation
and 1s energy requiring (Ratner and Vins.on, 1983a) . Johansson and
Soderhall (1988) = found that cell spreading on a 2-D substratum was
inhibited by metabolic poisons, although initial cell attachment was
unaffected. To survive in the haemocoel, well adapted parasites might
affect the ability of plasmatocytes to spread and encapsulate in order
to debilitate the immune system.

The thickness of the capsule depends upon the number of available
blood cells (Lackie et al., 1985) and the physical (Lackie, 1983;
Takle, 1986) and molecular (Lackie and Vasta, 1988) nature of the
foreign surface. The following section will deal with cell adhesion and

vthe factors which influence the adhesiveness of a substratum.
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ADHESION

Cell achesion is essential for Inanynqbiologicai processes eg. cell - - -

locomotion and migration, blood cell margination and cancer metastasis,
regeneration and embryogenesis. Similarly, mutual adhesiveness and
adhesion to substrata is central to defence reactions by invertebrate

blood cells.
Mechanisms of Cell Adhesion

When considering adhesion to a surface, there are many aspects to be
considered including the potential of the substratum and its physical
topography, the protein and ion composition of the medium and the
presence of specific adhesion molecules eg. lectins, on the surface.
Several hypotheses have been advanced to explain cell adhesiveness
and these are usually divided into two major categories. The first is
“possibly responsible for generalised adhesiveness and involves the
surface properties, or physico-chemical properties, of the substratum.

The second is more specific and involves receptor-ligand complexes.
1. Physico-chemical prbperties

The DLVO theory was proposed by Derjaguin and Landau (1941) and Verwey
and Overbeek (1948). This originated from theoretical work performed on
colloidal science and was applied to cells because of the physical
similarity between cells and spherical, negatively charged colloid
particles. The DLVO theory considers two types of forces; the
electrostatic charge—repulsion force and the attractive van der Waals-
type force, the London dispersion force (see Napper, 1967 for review).

If the two surfaces carry an opposite charge then attraction will
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occur. The Iondon dispersion force is a force of attraction which
arisés from the electron fluctuations of similar molecules within the
two approaching surfaces. This attraction increases as the surfaces
become closer.

Almost all cells possess a net negative charge so that a cell
approaching a surface with the same charge will be repulsed by
electrostatic forces (Overbeek, 1952). The charge on the cell surface
is associated with the dissociation of surface molecules, normally the
terminal carboxyl groups of sugars. The magnitude of the repulsive
force is dependent upon the surface potentials, the ionic strength of
the medium and the distance between the two approaching surfaces.

Using the DLVO theory, two separation distances can be derived, the
primary minimum and the secondary minimum, at which net attraction
occurs. The primary minimum occurs when the separation distance between
surfaces is very small whereas the secondary minimum occurs when the
particles are separated by 5-10nm. These are separated by a repulsive
maximum. Acdhesion of particles in the primary minimum is very stable
whereas particles attracted via the weaker secondary minimum remain in
equilibrium with the surrounding bulk phase.

In summary, the DLVO theory states that the total interaction energy
of two smooth particles at close separations is determined by the sum
of the van der Waals attractive energy (London Dispersion Forces) and

the electrostatic energy, which is usually repulsive.
Surface Charge and Haemocyte Achesion

Attempts to clarify the process of encapsulation by defining the
surface properties of the target has led authors to investigate the

adhesion to ion-exchange beads and polystyrene surfaces of different
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charge. The effect of surface charge on haemocyte behaviour was

discovered by chance during an investigation into aggregation of fat

body cells (Walters and Williams, 1966). As an in vitro model, the fat
body cells were replaced with Sephadex beads. The plasmatocytes adhered
to and induced clumping of the positively charged beads whereas the
neutral and negatively charged beads remained cell-free. This report of
a differential effect of substratum charge on haemocyte adhesion
initiated further research. The in vitro model used by these
researchers has been much modified and elaborated and now forms the
basis for elegant studies on in vitro encapsulation (Davies et al.,
1988; Davies and Preston, 1987; Ratner and Vinson, 1983a). In a similar
but later study, Dunphy and Nolan (1980b) discovered that haemocytes of

the Eastern hemlock looper, Lambdina fiscellaria fiscellaria, adhered

exclusively to the positively charged DEAE-Sephadex, the negatively
charged (M-Sephadex remaining devoid of cells.

Lackie (1983) looked at the effects of surface charge and wettability
on adhesion and encapsulation by haemocytes of the cockroach, P.
americana and the locust, S. gregaria. Regardless of the bead charge,
the beads recovered from S. gregaria were less well encapsulated than
those from P. americana. However, this difference was most marked for
the negatively charged (amino groups) (M-Sepharose which, surprisingly,
remained totally unencapsulated by the locust haemocytes.

Acid pretreatment of polysﬁyrene, to increase the negative surface
charge and wettability, induced an increase in the ability of the
cockroach haemocytes to encapsulate beads in vivo and achere in vitro.
Locust haemocytes did not encapsulate either surface well. This

suggested that the cellular immune system of Schistocerca may be poorer
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at discriminating " self” from "non-self”, as evidenced by their
inability to respond to intrahaemocoelic parasites 7 (Ladcie, l98»1a) .
Using cell electrophoresis and the electron microscope visualisation
of cationised ferritin binding, Takle and Lackie (1985) found that
locust cells carry a larger net negative charge than cockroach cells,
although the cell populations were heterogeneous with respect to the
surface charge. Since locust cells carry a high negative charge the
repulsive force exerted on contact with a similarly charged substratum
may explain their inability to encapsulate negatively charged abiotic
particles and respond adequately to invading micro-organisms. However,
the surface charge interactions between parasites and haemocytes cannot
wholly explain host susceptibility. These authors studied the

infectivity of Trypanosoma rangeli for 4 insect species. Rhodnius

prolixus, the usual intermediate host, is susceptible to T. rangeli
infection yet haemocytes from Rhodnius carry the same net negative

charge as the non-susceptible S. gregaria (Takle and Lackie, 1987).
2. Receptor - Ligand Binding (Lectins)

Proteins which have ﬁhe ability to agglutinate cells by binding
specifically to the cell surface saccharide molecules are found in both
plants and animals and are referred to as lectins\/ (see Renwrantz, '1986
for review of lectins in molluscs and arthropods). Lectins are found in
all invertebrate phyla investigated (Yeaton, 1981; Vasta and
Marchalonis, 1985), and although detailed information of their
structure and carbohydrate-binding specificities exist, their function
in the immune response is still poorly understood. The interaction

between lectins and cell surface glycoproteins and polysaccharides in

invertebrates may be analagous to the antigen-antibody recognition and
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binding of vertebrates. In invertebrates, which lack immunoglobulin,
- hijr'nor'él ‘lectins may perform certain immunological tasks such as
mediating non-self recognition and acting as opsonins to facilitate
phagocytosis (Renwrantz and Stahmer, 1983). Because they bind to
carbohydrate moieties, humoral lectins can agglutinate and immobilise
invading micro-organisms, so aiding the subsequent cellular attack.
Komano and Natori (1985) have reported that the agglutinin found in

larvae of Sarcophaga peregrina is involved in clearing the haemolymph

of sheep red blood cells.
Haemocytes express menbrane bound lectins (Lackie and Vasta, 1986)

and these molecules may be responsible for cell co-operation and

identification of foreign or damaged material. Furthermore, since

haemocytes are heterogeneous with respect to membrane lectin (Lackie
and Vasta, 1988; Parrinello and Arizza, 1988) this may reflect
functional differences between cell subpopulations in the immune
response.

Chapter 5 investigates the role of cockroach haemocyte surface lectin
in cell adhesion and non-self recognition in vitro by blood cells of

the American cockroach, P. americana.
Prophenoloxidase and Adhesion

Recent research on encapsulation is more biochemically rather than
ultrastructurally biased, with the isolation and characterisation of
adhesion promoting factors in crustaceans (Johansson and Soderhall,
1988) and insects (Davies et al., 1988). A stable 76 kD protein has
been isolated from the haemocyte lysate of granular cells which

contained activated prophenoloxidase (Johansson and Soderhall, 1988).
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No cell adhesive activity was found in non-activated lysates and
secreted material from the granular cells, when preactivated with
laminarin, induced adherence indicating that the protein occurs on

activation of prophenoloxidase.
KILLING AND DIGESTION

Despite many years of research into invertebrate immune systems, we
remain remarkably ignorént of how these animals kill invading
organisms. Not surprisingly, the deposition of melanin at the centre of
nodules and capsules has led some authors to ascribe a role for
prophenoloxidase in killing (Soderhall and Ajaxon, 1982; Ratcliffe,
1986) . Most often associated with this has been the production of toxic
quinones during extracellular melanin formation (Chen and Laurence,
1985) . However, whether melanisation alone is responsible for killing
is doubtful since organisms can .survive and develop in melanised
humoral capsules (Gotz, 1986b). Therefore, the production of a
melanised capsule may simply be a blockade strategy. Consequently,
other candidates for killing mechanisms have been researched including
lysozyme and the inducible antibacterial proteins which are active
against Gram-positive and Gram-negative bacteria (see section 1.6.1).
Relatively little attention has been paid to the killing and digestion
of helminthic parasites in arthropods. In chapter 6, the
intrahaemocytic enzymic changes (acid phosphatase and peroxidase)

associated with infection with H. diminuta and M. moniliformis are

reported.
Acid phosphatase has been reported in the haemocytes of molluscs
(Yoshino and Cheng, 1976; Moore and Eble, 1977; Cooper-Willis, 1979;

Sminia and Barendsen, 1980; Dikkeboom et al., 1984; Moore and Gelder,
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1985), crustaceans (Hose et al., 1987) and insects (Chain and Anderson,
- 1983b; Walters and Ratcliffe, 1981)..This is an acidic lysosomal enzyme
which acts on phosphate bonds to degrade material in the secondary
lysosome. Under neutral and alkaline conditions, this enzyme is
inactivated to avoid degradation of the cytosol. However, acid
phosphatase has been reported to be secreted under certain conditions
(Cheng and Mohandas, 1985) although the function of extracellularly
secreted acid phosphatase remains unclear since the haemolymph pH falls
around neutral;

levels of lysosomal enzymes, specifically acid phosphatase, in the
haemocytes and haemolymph increase with bacterial challenge (Cooper-—
Willis, 1979; Cheng and Mchandas, 1985) and some authors consider that
host resistance to infection may be attributed to high levels of
lysosomal enzymes (Dikkeboom et al., 1984; Granath and Yoshino, 1983).
However, peroxidase may be more important than acid phosphatase with
respect to host immunity since this enzyme is central to killing by
vertebrate phagocytes.

Mammalian leucocytes, namely macrophages and neutrophils, undergo_
increased oxygen consumption, known as the respiratory burst, - during
phagocytic uptake and in response to particulate and soluble
stimulatory molecules eg. zymosan, phérbol myristate acetate (PMA) and
formyl peptides (fMLP). This is associated with the production of toxic
oxygen metabolites eg. superoxide anion (02"), hydrogen peroxide
(Hy05), hydroxyl radical (CH.) and singlet oxygen (102). These oxygen
species are active against bacteria, yeasts and viruses. Several
techniques are available for the study of the respiratory burst,

including chemiluminescence, the recording of oxygen consumption, énd



cytochemical detection of oxygen species eg. nitroblue tetrazolium

(NBT) and diaminobenzidine (DAB). The respiratory burst and the

presence of peroxidase has been demonstrated in the haemocytes of the

molluscs Biomphalaria glabrata (Granath and Yoshino, 1983; Sminia and

Barendsen, 1980), Mercenaria mercenaria (Gelder and Moore, 1986) and

Lymnaea -stagnalis (Dikkeboom et al., 1984, 1987). Hydrogen peroxide

evolution has been detected in vitro by haemocytes of the scallop,

Patinopectin yessoensis (Nakamura, 1985). However, this antimicrobial

system has not been demonstrated conclusively in insect haemocytes
(Ainderson et al., 1973; 1976), although Misko (1972) has visualised
peroxidase in cockroach blood cells.

Immune killing by insects might then be pérformed by a multiplicity
of factors, including the prophencloxidase pathway, the lysosomal
enzymes and the inducible anti-bacterial proteins. Whether theée
factors might be used together in one offensive or used selectively,
depending on the ‘natur’e"”and intensity of the infection, is an
interesting question which deserves more attention.

In the present study (Chapter 6), the cytochemistry (acid

phosphatase, peroxidase and lysozyme) of haemocytes from P. americana

has been studied after immme stimulation with Zymosan A supernatant

and after infection with Hymenolepis and Moniliformis. These studies

may provide an insight into the general functioning of the invertebrate

immune system.

1.7. COTLINE CF THE ATMS OF THIS THESIS

Given that Moniliformis larvae survive in the cockroach host whereas
larvae of Hymenolepis are destroyed, the overall aim of the project was

to identify changes in the host immune system during infection and to
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relate these to parasite survival.

Several assays for cell behaviour and biochemistry have been used in

this work to compare immune reactivity during infection with the two

parasites and soluble stimulatory molecules (B1, 3~-glucans).

The aims of the project can be presented, thus;

1. To determine the changes in the haemogram after infection with the

parasites and stimulation with }31,3—glucans.

2. To find how the cockroach immune system responds to infection by
assessing the responsiveness of the blood cells using cell behavioural

assays.

3. To investigate the basis of recognition of foreignness by the

haemocytes, with emphasis on receptor-ligand binding.
4. To elucidate the mechanisms of immune killing by the haemocytes.

5. To investigate the cytochemistry of the haemocytes, with a view to
using cytochemical markers to identify cell subpopulations, and use
these markers to investigate further the changes which occur during

the cellular immune response.

6. To find how M. moniliformis might survive in the cockroach haemocoel

by assessing host immunocompetence.
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CHAPTER 2 — MATERIALS AND METHODS
21 GEINERAL NERAL METHODS

2.1.1. ANIMAL MATNTENANCE

a. Insects

Periplaneta americana

Adult male or female P. americana were obtained from Bioserv or were
reared in the insectary of the Zoology Department, Glasgow Univefsity.
They were fed ratcake and water ad libitum and kept at 25°C + 2°C on a
light : dark regime of 1l6hrs light: 8hrs dark. Their diet was
supplemented occasionally with fruit, lettuce and Bemax. They were
housed in glass tanks, partly filled with peat or wood éhavings, and

egg cartons were provided as bedding material.

Tribolium confusum

The flour beetle,v T. confusum, were raised in the departmental
insectary, as above. They were housed in plastic tanks filled with
wholemeal flour, over which Whatman filter papers had been laid.
Occasionally, their diet of wholemeal flour was supplemented with fresh

lettuce and apple.
b. Rats

Adult male and female Wistar rats were bred (random) in the animal
suite of the Zoology Department. They were supplied with CRM rodent
diet and water ad libitum and maintained at 21+2°C in a 12 hour light:

dark regime. Prior to infection, rats were anaesthetised with ether.

38



c. Moniliformis moniliformis

' The acanthocephalan parasite, M. moniliformis was maintained in Wistar

rats and the American cockroach, P. americana.

Oral Infection of P. americana with M. moniliformis

Adult P.americana were starved for 2 days, after which they were

allowed to feed on shelled acanthors of M.moniliformis suspended in a

60% sucrose solution. The insects were starved for 1 day more then
provided with rat pellets and water. Infected animals were maintained
in the insectary at 25-27°C for 5-6 weeks, after which cystacanths of

M.moniliformis were recovered. CO, anaesthetised cockroaches were

decapitated and the wings and legs removed. The abdomen was teased
apart in a Petri dish containing Hepes-buffered salt (fIBS) solution, pH
7.2 (Huxham and Lackie, 1986; see Appendix for recipe).

Several experiments required that the cockroaches receive a
consistent dose of acanthors. In these instances, 25ul of an egg
suspension was fed to the hand-held cockroaches using an Oxford
pipette. Once the starved cockroaches had begun to feed, the remainder
of the egg suspension was slowly expelled from the pipette. Cockroaches
which either refused to feed or did not consume the complete volume of
fluid were rejected. Groups of fed cockroaches were maintained in
plastic containers lined with tissue and with egg cartons for bedding.:
Food and water was provided and the animals were returned to the

insectary.
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Collection of Shelled Acanthors of M. moniliformis

Adult stages of M.moniliformis were collected from the small intestine .

of Wistar rats, which had been infected with 20 cystacanths by
intubation at least 7 weeks earlier. Adult female worms were stripped
by holding the anterior end of the worm with fine fbrceps and cutting
the posterior end of the worm. The shelled acanthors were collected
into Hepes Buffered Saline (HBS) by pulling the length of the worm
through forceps. The acanthors were washed 3 times by centrifugation at
250g and resuspension in HBS. The final resuspension and storage at 4°C
were in 60% sucrose (J.M. Lackie, 1972); eggs can be stored in this

state for several months without loss of viability.

LABORATORY MAINTENANCE OF M. MONILITFORMIS

Adult worm in rat

intestine
7 weeks

20 cystacanths to Acanthors stripped from
Wistar rats by ' female worms. Washed and
intubation resuspended in 60% sucrose.

0 !
Cystacanths Acanthors fed to adult
recovered P.americana - starved for

2days previously.
5 weeks

P.americana maintained at 26°C
Food and water provided.
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