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ABSTRACT

This thesis is concerned with the mechanisms by which haemocytes

from the ascidian Botrylloides leachii recognise foreign particJ-es. The

probJ.em was addressed by investigating the functions of two

haemaggtutinins (HA-f & HA-2) and a third non-agglutinating protein

(LBP-I) aII of which occur in B. Ieachii haemolymph.

The possibíIity that other species of ascidian may also possess

molecules similar to the q. leachii agglutinins was examined using

haemolymph fron 22 different species belonging to the major families of

ascidians. The divalent cation requirements and the aggJ-utinating

specificities (sugar inhibition) of samples with a high titre were

determj-ned. Column chromatography indicated that haemolymph samples

flrom 4 different ascidians had molecules with similar size and

specificity to the HA-I. One of these, a sample from Botryllus sp.,

also contained an t'l1\-2 like" molecule. The BotryJ.Ius sp. agglutinins

were affinity purified and compared to the HA-I & HA-2 agglutinins. The

Botryllus sp. "HA-l like" molecule lvas slightly smaller than the

B. Ieachii l-lA-I. These two molecules exhibited identical sugar binding

specificities and divalent cation requirements, but no antigenic

cross-reactivity was observed. A Preliminary SDS-PAGE analysis

suggested that the Botryllus sp. agglutinin was structurally quite

dÍstinct from the l-lA-I agglutinin and LEIP-1. The B. Ieachii l1A-2

molecule and the Botryllus sp. sheep erythrocyte aggJ-utinin lvere

antigenically cross-reactive and identical in size and subunit

structure, but they diflfered sJ.ight.J.y in binding site specificity.
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The possibility that the B. Ieachii agglutinins were opsonins was

investigated both in vivo and in vitro. It was found that injecting

coLonies with erythrocytes bearing HA-z receptors produced a smal-I but

significant increase in the ll{-2 agglutinating titre of haemolymph.

Ì'4oreover, this increase was specific. There was no indication of an

anamnestic response. The HA-l titre of haemoJ.ymph appeared to some

extent to be dependent on environmental stimuli since colonies relocated

to a new environment had titres significantJ,y different from those of

colonies remaining at the original. location. The effect of

environmentaL stimuli was not considered to be the only explanation; the

possibility that genetic differences between colonies may al-so affect

the level of the FIA-I aggJ.utinin in haemolymph is noted.

A medium suitable for the in vitro culture ofl q. Ieachii

haemocytes was deveJ-oped. q.. leachii haemocytes were found to bind and

phagocytose untreated sheep erythrocytes. Binding was mediated by the

HA-2 aggJ-utinin, as shown by the inhibitÍon of adhesion by lactose

(which is specific for the HA-2 aggJ-utinin) and an anti-(HA-2) IgG

preparation. ImmunoflIourescence studies indicated that HA-z moLecul-es

were secreted by the haemocytes; these secreted molecul-es then coated

unsensitised erythrocytes causing them to bind haemocytes. No ll{-2

agglutinin could be detected on the surface of the haemoiytes in the

absence of erythrocytes but receptors for this molecule were detected.

These results suggested that the HA-2 agglutinin could function as a

recogni.tion molecu.l-e for particles bearing the appropriate carbohydrate

moÍeties on their surface. At l-east one of the other two related

proteins (HA-I and LBP-I) also existed on the surface of haemocytes.

The function(s) of these molecules is not known.

. The above findings are discussed in relation to the two major

requirements of a defence system: efficient phagocytosis and the control-

of sel-f reactivity.
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The possibiJ-ity that a molecule with an opsonic function in a

protochordate may be structurally related to immunogl-obulin was

investigated by testing the abitity of the HA-2 agglut.inin to act as an

opsonin for the recognition of particles by phagocytic cel-ls from a

vertebrate. B. leachii haemolymph was found to mediate the adhesion and

subsequent phagocytosis of sheep erythrocytes by mouse macrophages; the

factor responsible was shown to be the HA-z agglutinin. The HA-I

mol-ecule did not bind to macrophages. Both erythrocytes and macrophages

could be sensitised for adhesion wj-th the agglutinin and in both

instances sensitisation coul,d be reversed with lactose. Hence adhesion

appeared to be caused by the aggJ-utinin cross-linking similar

lactose-like determinants on the surfaces of both types of cell. There

was no evidence to suggest any structural homology with immunogJ-obulin.

This result is discussed in view of information on the structure of the

HA-2 molecule and current ideas on the evolution of immunoglobuJ-in.
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INTRODUCTION
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I.l- Introduction to the 1em

The original incentive for this work was an interest in the life

history of a coLonial ascidian, Botrylloides leachii (fig I.1), found

subtidally, encrusting pier piJ-ings and rocky outcrops around the South

Australian coast.

At certain times of the year large numbers of one or two zooid

colonies are found over small areas of pier piJ.ing. As growth occurs

select colonies within a cluster fuse to form a single larger

individual. Other colonies form regions of intimate contact with

conspecifics but at no time is there any union of test matrices

(Fig 1.f). Contact with other species usually resul-ts in the cornplete

overgrowth of that animal. Thus it appears that these animals are able

to recognise both individuals of their own species and also to

distinguish conspecifics from olher animals.

This ability is not restricted to B. leachii as other encrusting

species of colonial ascidians exhibit a simiJ.ar phenomenon. Reports in

the literature support the prevalence of this type of behaviour among

encrusting coloniaL ascidians (Oka & Usui, 1944; Freeman, I91O; l"tukai ðc

Watanabe, 1974; Tanaka, L975) although histological studies of fusion

have been conflined to the Botryllinae.

HistologicaJ- studies of the flusion reaction in Ebtryllus

primigenus Oka. suggested that recognition takes place, not at the

matrix surface but via the terminal vessels (Katow &. Watanabe, 1980).

The ampulIae, termi-nal swellings of blood vessels, penetrate the test

matrix of the opposite colony and pair with the ampuJ-J.ae ofl fiat
animal. The paired ampullae fuse and an exchange of haemolymph

occurs. Fusion is complete when blood vessels in the contact area

resemble those ofl the surrounding colony. A non-fusion reaction is



FIGUFE l.l Eþtrylloides leachii colonies growing on a pier piling at

Edithburgh. An interface is visible between the two colonies

indicating that flusion has not occurred.
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manifested by the degeneration of the test ceLl-s surrounding the

penetrated ampuJ-Iae. The ampullae contract such that haemoJ.ymph flow

stops in the distal regions, thus separating the degenerating area from

the rest of the colony

A further fleature of the life history ofl 9. Ieachii is its
ability to aestivate during unfavourabl-e periods. In South Australia

this occurs over the summer months. During aestivation the colony

regresses. The breakdown in adult zooids is accompanied by an increase

in the deveJ-opment of the circulatory system, so that the coJ.ony is

reduced to a test matrix ramified with blood vessels. e.. Ieachii

colonies in the Venetian Lagoon (north west coast of ItaIy) behave

similarly (Brunetti, L976) and histologicat work with these animals l-ns

reveal-ed that the degenerating zooids were phagocytosed by a vastly

enlarged population of amoeboid cells (Burighel, eL aL., 1976).

q. leachii thus appeared to have the ability not only to

recognise certain con-specifics but also to detect and eliminate vast

numbers of degenerating self cells. This species therefore seemed to

be an interesting organism in which to investigate the defence

reactions of ascidians. The possibility that the fusion/non-fusion

reaction of ascidians is a primitive version of certain elements of the

vertebrate immune iesponse, notably transplantation reactions and the

killing of virus-infected cells by thymus-derived (T) lymphocytes, l-ns

been considered in theories proposed for the evolution of vertebrate

immunity (Burnet , I97L, &. I974; r"díf.efä et aI., L976; Lafferty &

l,Joolnough , L977). However, the notion that there may be moLecules

functioning as recognition factors within ascidians and that these

factors may be genetically related to those of the vertebrate immune

system has not been tested experimentally. Indeed very litt1e is known

about 'the ascidian immune system. Hence the aim of this work was to
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investigate cel-l recognition in ascidians, concentrating on B. leachii,

with a view to gaining a belter understanding of both the defence

response of this ascidian and the evolution of the vertebrate

macrophage-antibody system.

1.2 Development of a theoretical framework

When looking at invertebrate defence systems it is necessary to

define "immunity" in the broad sense. rrlmmunity", in invertebrates,

does not necessarily require the involvement of specific memory with

accelerated rejection of second set alJ-ograflts and a marked increase in

the concentration of a specific humoral component upon challenge as

demonstrated by vertebrates. 0n the contrary an animal may be said to

possess an rrimmune system" if it is capable of recognising and mounting

a protective response, be it specific or otherwise, against foreign

particles Iike viruses, bacteria or metazoan parasites.

A discussion of invertebrate defence mechanisms must consider

both the diversity exhibited by this group ofl animals and their

phylogenetic linkages. Although some present day invertebrates may

utilise the protective mechanisms used by their ancestors, many have

probably inherited systems which differ from the original through

modifications which have been acquired over time according to the

particular life history of each animal. Animals like the horse-shoe

crab, Limulus, and the cockroach, Periplaneta, for exampJ-e, are

possibly separated by as much if not more evolutionary time than the

flishes and mammal.s, and observations applicable to one will not

necessarily apply to the other. In addition the possibility of

convergent evolution should not be overlooked. Lectins, for example,

have probably evolved many times during invertebrate evolution, making

suggestions of hunology in the absence of genetic data very tenuous.
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NevertheJ.ess, there does appear to be a certain conf,ormity in the sorts

of immune mechanisms utilÍsed by different invertebrates, e.g. the

uniform presence of phagocytic cells, thus allowing the construction of

a theoretical framework around which these mechanisms can be discussed.

l¡'lhen the evolution of metazoans is considered it is clear that a

method by which cells of one clone coutd either recognise aII other

cells as floreign or alternatively recognise cells of like genetic

constitution as part ofl self must have been a prerequisite for the

development of multicellular animals. Self/non-seLf recognition would

seem to have been essential to prevent the formation of chimeras, to

ensure cohesion and collaboration between cells and to prevent invasion

by pathogens. Such recognition systems would also need to have the

capacity to adapt to changing cell structures as the differentiation of

specific cell types occurred.

The simplest mechanism for self/non-seIf discrimination is one

where rrsel-flrt is specifically recognised. SeIf recognition need not

require an array of molecul-es directed at a variety of non-self

determinants; a complementary pattern of effectors and receptors that

function across the celI interface is sufficient. A defence process

would be activated by the failure of one cell to recognise a self

determinant because either the surface of the self cell has been

altered by age or infection, or the cell (particle) is foreign.

The basic flunction of any immune system can be considered to be

the removal of i-nfectious agents and debris, since ceLls specialised

for phagocytosis occur universally in multicellular animals. In order

to function effectively, the phagocytes must be able ' to distinguish

unwanted matter from living host tissue. In a primitive inv.ertebrate

with no coelom or circulatory system, recognition must occur via the

cell surface. æIfl tolerance may be effected by the phagocyte
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receiving arfdon't kill" signal upon contact with a self-cell while the

attacl^ment of other particles to the phagocyte induced phagocytosis

non-specifically. Only with the evorution of a coelom and a

circulatory system would lh" development of moLecules which couLd

function as opsonins in a manner analagous to antibody, i.e. coatÍng

particular particles so that they are efficientty phagocytosed, be of

advantage to the invertebrate. To have been sel-ectively advantageous,

the early opsonins presumabry must have recognised a wide range of

potential. pathogens; they were probably directed against determinants

found commonly on ceII surfaces. If, as seems J.ikely, these

determinants also occurred on the surface ofl self cells, the opsonins

would coat self cells and self-tolerance would have to be maintained

through the operation of a two signal recognition system. The

phagocyte couLd be stimulated to ingest any particle to which it became

linked via opsonins (signal f) unLess it simultaneously received a

rrdonrt kill" signal (signal 2) through the occupancy of its self

recognition receptors. It is conceivable that an increase in opsonin

specificity could reduce the problem of self-reactivity and increase

the strength of the bond between the phagocyte and the unwanted

particle. However this would reduce the variety of foreign particles

which could be recognised by the animal unless an increasèd number of

different opsonins was produced. Clearty the advantages of specificity

must to some extent out weigh the cost of this increased metabolic load

for such a system to be selected

1.f Evidence pertaining to the model

I would like now to examine the literature pertaining to

invertebrate inrnunity using the presented theory as a basis for

discussion.
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t.l.l The recoqnition of Self

A classic example of celI recognition, though not necessarily

relevant to Ímmunity, is provided by sponge ceJ.l re-aggregation. If a

sponge is dissociated into individual cells, given the appropriate

conditions the cells will re-aggregate to form a functioning sponge.

It is possibJ-e that mixtures 'of sponge cells from different species

re-aggregate in a species-specific manner i.e. recognition of sel-f fmm

non-sel-f may occur. McCIay (1971) studied the interaction ofl

radioactively labelled cells from five different sponge species. He

found that although non-specific adhesions occurred early in the

aggregation process, these were neither as strong nor as stable as

those between ceÌIs of the same species. Consequently over an extended

period of time all heterospecific aggregates were eliminated leaving a

functioning sponge constructed of homo-specific cells. V,lithin the

freshwater sponge, Ephydata fluviatilis adhesion between cells from

different individuals is strain specific. Compatibility apparently

exists within a strain but not across strains (Van de Vyver, L975).

The nature of sponge cell re-aggregation indicates that the

union of like cells may result from the interaction of "self receptots"

on the surface of the sponge cells. A variety of studies have

indicated that re-aggregation is facilitated by molecules, called

t'aggregation flactors", which are reLeased into the culture medium upon

dissociation of the sponge. The aggregation factors examined were

either proteins (t'dller & Zahn, L973) or glycoproteins (Henkart et a1.,

L973; Van de Vyver, 1975). They apparently function by cross-Iinking

particular carbohydrate receptors on sponge cell surfaces (Xuhns

et aI. , L974; 1'4rjller & Ì.4t-jller, 1980). The specificity of binding is

such that, with a few exceptions (Maclennon & Dodd, L967), only cell-

surface receptors from the species or strain from which the aggregation
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factor is derj-ved are recognised (Humphreys, L963; Moscona, 1963;

McCIay , 1974; Van de Vyver, L915). In those species where aggregation

factors have been shown to be cross-reactive, it is possible that they

may be recognising a carbohydrate on the foreign cell which mimics the

aggregation receptor on "sålf celfs". The degree of cross-reactivity

may be an indicator of phylogenetic relatedness, since some aggregation

molecules and receptors could possibly have arisen by divergence flrom

an original molecule and receptor system. This will remain as

speculation until the binding sites and exact chemical structure of

both receptors and aggregation factors are well characterised.

Grafting experiments have also indicated that cell recognÍtion

occurs in sponges; Caflyspongia diffusa flor example, was consistently

found to reject allografts but not isografts (Hildemann et al-., L979;

Hildemann et âI., 1980; Bigger et âI., 19Bl). Experiments with a

species of Hymeniacidon have sl-pwn a close correlation between graft

rejection and j-ncompatible ceII aggregation (Curtis, 1979), but whether

the same mechanism is involved in both processes is not known.

Two experimental systems involving grafting (or fusion) th€t

present evidence to support the recognition of selfl are Theodorrs work

with gorgonians and the genetic analysis of fusion,/non-fusion

compatibility of Bo IIus colonies.

Theodor (L976) carried out an extensive series of grafts with

explants of gorgonians and concluded that these animals reject all

xenografts and most allografts (O.7% of allograflts fused) but accept

autografts, which consistently fused. The interaction of two

antagonistic explants (killer & target) resulted in the complete lysis

of one explant (target). Experiments using metabolic inhibitors

(Theodor, I97o) and the uptake of cl4-tabel-Ied amino acids (Theodor &

Senelar, Ig75) have indicated that lysis is an actiVe process and
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requires a metabolically active target. If too many target cells are

destroyed (greater than 75%), or metabolism is inhibited by

actinomycin-D the target wiII not lyse. Rejection was believed to have

involved the transfer of a lethal factor from the ki.I]er ce]ls to the

target explant: some target cells are killed and finally autolysis of

the whole target explant occurs. As the initiation of kilJ.ing was

extremely rapid, a 20% decrease in the incorporation of cl4-I"b"II"d

amino acids (the assay used lo indicate cytotoxicity) in the target

explant being recorded after only 5 minutes of contact with the killer

expJ-ant (Theodor & Senelar, 1975), the lethal factor was presumed to

have been preformed and contained in all cells. In the model presented

(Acton, 1974; review: Elurnet, 1976), the active site of the lethal

factor was conceived to be non-specific in that both self and non-self

cells could be kiLled. Self cells were presumed to contain an

inhibitor which specifically inactivates only the lethal factor within

self cells. Thus, it was speculated that if the l-ethal factor passed

to a foreign i.ncompatible explant (from the killer to the target) then

this lethal factor would not be recognised by the inhibitor within the

foreign explant and cell death, Ieading ultimately to autolysis of the

incompatible explant, would occur. Lysis was found to require scrne

living cells (Theodor & Carriere, L975), hence it was suggested

(Theodor & Senelar, L915) that lysis may be the result oi I'release by

the dead cells ofl srJ¡stances inducing phagocytosis (?) and almost

certainly a synthesising activity of other cellsrr. The meaning of this

statement was not clear.

Although the induction of lysis could be more complex than the

model presented, the hypothesis that autolysis only occurred when the

positive recognition of self was not possible is in accordance with the

data presented. Hence one could postulate that cytoxicity caused a
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change in cell membrane molecules, such that the activity of the

phagocytes against self was no longer inhibited, and so led to

autolysis.

From an anaJ-ysis of the genetics of the fusion/non-fusion

reactj.on in Botryllus primigenus it was concluded that the abili.lyto
fuse is control-led by a single genetic locus with multiple alleles (Oka

& lVatanabe, L957 i Oka, L97O). AII colonies in the field are

heterozygous with respect to this gene and can be represented as AB,

CD etc.. Fusion occurs between colonies which appear to share at least

one gene, e.g. AB wiII fuse with BC but CD is rejected. The results

from recent studies with another Elotryllus species are consistent with

the idea that the recognition of the product of a rrseffrr allele is

necessary for colony fusion (Scofield et aI. , L982a & b). The ability

of one colony to fuse with another may be modified by a previous

fusion. For example if BC has fused with CD previously then AB is now

rejected and the severity of rejection was found to be dependent on the

duration of the BC-CD fusion. These findings led Mukai (1967) and

Tanaka (1973) to suggest that colony specific factors, either cellular

or humoral, are contained in the haemolymph and the onset of the

non-fusion reaction depends on the concentration of these factors.

As the animals examined are aII encrusting col-onial organisms,

often found in habitats where competition flor living space is iierce,

the development of a self recognition system has possibly been favoured

by selection as a means of maintaining individual integrity. Hence, it

could be argued that we are observing the result of convergent

evolution rather than evidence supporting the hypothesis that the

recognition of rrself" is common throughout the animal kingdom.

The fact that vertebrates also exhibit self recognition should

not be ignored. Recent work has indicated that co-operative
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interactions between celLs such as the killing of virus-infected cells

by thymus-derived (T) lymphocytes and T cell help in the activation of

bursa-equivalent, bone marrow-derived (B) Iymphocytes require the

interacting cells to share at least one allele of the major

histocompatibility complex (Zinkernagel & Doherty, 1975; Sprent,

L978). In fact Streilein (L979) has suggesled that the recognition of

self determinants appears to be essential to promote and regulate

specific immune responses. It seems unlikely that an attribute that

appears to be essential for the normal function of sponges, gorgonians,

colonial tunicates and vertebrates should have arisen independently in

each instance. A more probable hypothesis is that the ability to

specifically recognise rrseff'rr has been retained throughout evolution

although the molecules through which I'selfrr is perceived may have

changed.

L.3.2 The importance of phaqocytosis in invertebrate defence.

Phagocytic or amoeboid cells are of great importance throughout

the animal kingdom. In some animals, particularly primitive

invertebrates, they have a major role in nutrition. In the sponges,

for example, digestion is compJ-etely intracellul-ar; wandering

amoebocytes digest and transport food products throughout the animal.

In other animals, such as corals and some flatworms, digestion is both

intra- and extra-cellular. In corals, enzyrnes secreted into the

gastrovascular cavity reduce the prey to a suspension of small food

particles which are then engulfed by fixed phagocytes in the endoderm

lining the cavity. In a similar manner, food fragments are engulfed by

phagocytic ceIIs in the lining of the gastrovascular cavity of

turbellarians and digestion is completed intracellularly (Barnes,

I9B0) . As invertebrates become more complex, extracellular digestion
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assumes greater importance and the part played by amoebocytes in

nutrition declines. In other invertebrates, phagocytes are important

during differentiation. Metamorphosis in insects, for example, is

accompanied by an increase in the number of circulating haemocytes. It
appears that these cells are required to remove dead and auto-lysing

tissue, fot haemocytes in the blowfly (Caliphera) pupa have been

observed packed with portions of disintegrated tissue (l,ligglesworth,

Le54).

Observations on the involvement of amoeboid cells in the atrophy

of the larval organs of tae }ed Metchnikoff to hypothesize tl-'at

phagocytic ce1ls may play a major role in the defence against disease

(Metchnikoff, 1905). Accordingly, he introduced rose spines beneath

the skin of bipinnaria larvae of a starfish and found that within a

short time, the spines were surrounded by amoeboid cells. Similarly,

spores flrom a parasitic fungus were rapidly surrounded by leukocytes

when introduced into the body cavity of a Daphnia and in many cases

Iarge numbers of spores were ingesled and destroyed. In another

experiment, a culture of anthrax bacilli was injected into the larvae

of the rhinoceros beetle (Orctes nasicornis) and the haemolymph

examined the following day. The injecled bacilli were found not in the

plasma, but internalised by leucocytes. From experiments ofl this

nature, l"Þtchnikoff (l-905) developed the idea that amoeboid cells,

involved in intracellular digestion in many primitive invertebrates,

had been retained throughout the evolution of more advanced animals as

they were capable of digesting a variety of inert particles and

micro-organisms and so contributed to the defence of the host.

Although Metchnikoff's ideas of the importance of phagocytic

cells in the defence of the host against pathogens have long been

recognised for vertebrates, the possibility that invertebrates may also
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utilise such cells in host defense was largety ignored. However, in

recent years l"þtchnikoffl's early work with invertebrates has been

extended and the role of phagocytes in invertebrate immunity has been

re-examined. 
è.

The classical method of investigating the phagocytic abi.J.ity of

invertebrates has been to introduce a variety of particuJ-ate materials

into a living animal and record either the rate at which various

particles are removed from lhe circulation or, using histological

methods, their anatomical distribution. The conclusion derived from an

examination of a number of these studies is that amoeboid cells are

utilised in the removal of floreign particles by representatives from a

wide range of invertebrate phyla encompasing both coelomate and

acoelomate animals (table l.t). Whether the material is phagocytosed

or encapsulated by amoeboid cells appears to be dependent on the size

of the particle. SaIt (f970) in a discussion on phagocytosis in

insects suggested that particles larger than l0 pm in diameter were not

engulfed by insect cells but usual.ly became either encapsulated or the

object of nodule formation.

In acoelomate invertebrates, the defence response may well be

confined to that provided by wandering amoebocytes. This mechanism has

apparently proved quite efficient. In sponges, for exampl'e, wandering

amoebocytes have been shown to engulf injected particles, then migrate

through the mesoglea to the erc urrent canals. In this manner, the

mesoglea could be cleared of india ink within 24 hours ofl injection,

although the clearance of erythrocytes and carmine was shown to take

longer, 48 hours and 96 hours respectively (Cheng et al. , L968a & b).

In the coelomate animals, phagocytes may be concentrated and

fixed within reticular tissues as well as circuJ-ating in the

haemolymph, thus permitting a rapid uptake of foreign material. For



TABLE 1.I The invertebrate phyla in which it has been recorded that

amoeboid cells remove foreign material.

Animal Phylum Particle or substance
Injected

Response* Reference

Fhag. Encap.

PORIFERA

ANNELIDA

SIPUNCULIDA

MOLLUSCA

ARTI-ROPODA
CRUSTACEA

INSECTA

ECHINODERMATA

TUNICATA

India ink, carmine
erythroctyes,
Trematode redia, cercaria

India ink, carmine,
iron particles, erythrocytes
foreign spermatozoa

latex beads, bacteria

carmine
lndia ink

erythrocytes, yeast, bacteria
Thorium dioxide

bacleria, carmine

bacteria

latex beads
iron saccharide

araldite implants

Bacillus thuringiensis,
In a , carm]-ne
erythrocytes, bacteria

Bovine serum albumin
Bovine gamma globulin
Sea urchin cells
(into a sea star)

carm]-ne
glass fragments
trypan blue
thorim dioxide

L96Ba
1968b
1968b

Dybas, l9BI

Reade & Reade, L972
Pauley & Krassner,

I972
Tripp, L96L
Brown, L967

Smith & Ratc1iffle,
l9B0; Fontaine &

Lightner, I974
McKay & Jenkin,

L97Oa
Lackie, L976;
BrehéIin & Hoffmann,

1980
Scl-mit & Ratcliffe,

L91B
Zachory et al-. , l98l

Cammeron, L934

Hilgard & PhilJ.ips,
196B

Reinisch & Bang,
L97T

Fulton, L92O
Anderson, I97I

+
+

Cheng et aI
Cheng et al
Cheng et aI+

+
+
+

+

+
+

+
+

+

Canmeron, I9t2.

+

+
+

+

+

+
+
+

+
+
+

+

+
+

+

x Phagocytosis or encapsulation.

Brown & Davies, I97L



13.

example, when carbon was injected into the ventral sinus of the

crayfish Cherax destructor (formerly Parachaeraps bicarinatus) cells

Iining the walls of small vessels within the digestive diverticula were

seen to have taken up carbon as rapidJ.y as I minute after injection and

by 3 hours all of these cells were densely packed with material (Reade,

1968). This is not an isolated example, as a number of studies have

indicated that within this group, fixed phagocytes commonly located in

the gilIs, heart or hepatopancreas are of considerable importance in

the removal of particulate material (Cornick & Stewart, 1968; McKay &

Jenkin, L97Oa; Fontaine & Lightner, 1974; Snith & Ratcliff, l9B0).

Within the Ì'bllusca, however, the relative importance of fixed

and circulating phagocytic cells seems to vary with the organism

studied. Reade (1968) reported that carbon was engulled by cells ofl

the small vessels in the digestive gland and Bayne (1914) accepted this

conclusj.on as an explanation of. the astonishingly rapid rate ofl

clearance from the haemolymph and the accumulation of bacteria in the

digestive gland that he observed. A more recent study concerned with

the clearance of erythrocytes by the snail Helix pomatia has indicated

that the rapid accumulation of erythrocytes in the digestive gland is

due to the adhesion of these cells to the surface of cells lining the

vascular sinuses, rather than internalisation. Erythrocytes

accumulating in the kidney and foot muscle were similarly found only to

adhere to the cells lining the sinuses ofl these tissues (Renwrantz

et al., 1981). It was demonstrated that yeast cells are cleared fmm

the circulation of H. pomatia by 90 minutes after injection, yet the

yeast-Iaden phagoeytes were not detected until much later, the nurber

ofl phagocytes containing yeast cells reaching a maximum of 23 - 25%

between 40 and 50 minutes after injection (Renwrantz eE aL., 1981).

These results were interpreted to mean tnåt aOnerent foreign cells are
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phagocytosed some time later by circulating phagocytes. In the chiton

Liolophura qaimardi fixed phagocytes abundant in highly vascularized

connective tissue, particularly in the gilJ.s and foot, were reported

to play a major role in ,n: phagocytosis of particJ-es; haemocytes were

calculated to have ingested only 2% of the ingested dose of the

bacterium Staphlococcus aureus (Crichton et aI., 1973). In contrast,

circulating phagocytes were exclusively responsible for the uptake of

carbon particles introduced into the adductor muscle of the clam,

Tridacna maxima (Reade & Reade, L972).

Whatever the extent of involvement of circuJ-ating or fixed

phagocytes, it is apparent that phagocytosis is an important component

of the defence response of invertebrates. The effective action of

phagocytic cells must, however, reside in their capacity to distinguish

unwanted matter, such as aged cells or foreign material, from living

host tissue. How in the absence of antibody is this accomplished?

I.3.3 Discrimination by phagocytic cells: The possibility of celI

surface receptors

In vertebrates, foreign particles may interact either directly

with the phagocytes (Rabinovitch, L97O; Weir & ögmundsdöttir, 1980;

CabiIIy & Gabilly, l98la & b) or through an opsonic mediator (Jenkin &

EÞnacerraf, L96Oi Jenkin & Rowley, L96L). Opsonins in vertebrates are

primarily IgG and IgM antibodies (Rabinovitch, L97O) or the third

component of complèment (C3; Shurin & Stossel, L978; Bar-Shavit et al.,

L979; Newman et â1., Ì980). These molecules rrcoatrr the foreig

particle which then becomes bound to the surface of the phagocyte via

Ci or Fc receptors. Although all available evidence indicates that

invertebrates lack lymphocytes and that they cannot make antibody, it

is nonetheless possible that recognition by invertebrate phagocytes may
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be accomplished by analogous mechanisms, through the involvement of

opsonins and/or cell surface receptors.

I would Iike to consider the discriminatory mechanism of

invertebrate phagocytes by looking initially at the behaviour of

amoebae. As free living phagocytes, amoebae woul-d presumably require

few, if any, of the restrictions on phagocytosis that are necessary for

cells J-iving within a multicellular organism. They do however exhibj-t

considerable discriminatory ability. They do not, for example, ingest

either their own or another amoeba's pseudopodia (ReynoLds, 1924),

hence indicating a rudimentary capacity for rrself' recognition. Tt-ey

may al-so feed selectively and some species can detect quite small

differences between prey items. For example, when Amoeba proteus were

fed equal numbers of two fllagellate species they preferred

Chilomonas sp. over lvþnas sp. (Mast & Hahnert, L935). Although little

is known about the molecular basis of the selectivity it has been

suggested that recognition involved lhe interaction ofl complementary

molecules at the cell surface (review: Jenkin, L976).

Invertebrate phagocytes have also been shown to ingest particles

selectiveJ-y. Coelomocytes 'from two species of sea urchin,

Strongylocentrotus purpuratus and Strongylocentrotus franciscanus were

shown to actively phagocytose a number of gram-positive bacteria

whereas gram-negative species were seldom ingested (Johnson, L969).

Similarly, haemocytes from the shore crab, Carcinus maenas, when

cultured in vitro, were shown to ingest Moraxell-a sp., a gram negative

bacterium, at a much higher rate than that found for two gram positive

species. Sheep erythrocytes, on the other hand, were not ingested at

all (Snitn & Ratcliffe, L97B). Echinoid phagocytes were also unable to

ingest normal sheep erythrocytes when cultured in vitro although

erythrocytes treated with glutaraJ-dehyde, tannin or IgM and complement

were phagocytosed (Kaplan & Bertheussen, L977).
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Although not able to differentiate between cellular and humoral

contributions to recognition, in vivo experiments similarly indicated

that injected particles were selectively cleared from the haemolymph.

The sea hate, Aplysia calilornica, was able to remove completely four

diflferent marine bacteria but was unable to clear completely a

terrestrial bacterium (Pauley et aI., 1971b). A study with the blue

crab, Callinectes sapidus, indicated that the clearance rates for

difflerent viral particles were not correlated with the size of the

particle, hence indicating that clearance was not simply the fliltration

ol particles from the haemolymph. Further support for some selective

capability was the finding that different particles became concentrated

in different organs. Xenogeneic proteins and poliovirus particles were

cleared to the central axis ol the gills, where as bacteriophages were

concentrated in the hepatopancreas (McCumber & Clem, L977).

Cells from certain echinoid and ascidian species have been found

capable of recognising quite subtle differences in celL surface

configuration. Echinoid cells when cultured in vitro recognised

allogeneic and xenogeneic cells as demonstrated by a cytotoxic reaction

(Bertheussen, L979). 0f the allogeneic pairs tested 70% showed

cytotoxity while the frequency of reactivity increased to 90% when

cells from one species were mixed with cells from either bf two other

echinoid species. There was no evidence of cytoxicity within cultures

of cells from one individual. CoeLomic cells from a nmber of species

of solitary ascidians were also found to exhibit a cellular reaction

when mixed in vitro either in allogeneic or xenogeneic combinations

(Fuke, 1980). The reaction was triggered by direct cell-ular contact

and resulted in the lysis of both cells. Like the echinoid cell-s, not

aIl allogeneic combinations of ascldian cells were cytotoxic. Both

authors have attempted a discusslon in terms of hÍstocompatibility
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theories. However, until breeding studies produce evidence of genetic

relationship, conclusions regarding the histocompatibility Ioci are

puæ conjecture. Nevertheless, this does not imply that these animals

are not capable of recognising self.

In contrast to the allogeneic recognition described above,

experiments wilh earthworms have indicated that spermatozoa from

allogeneic individual-s are not phagocytosed when injected into the

coelomic cavity. l'þmmal-ian spermatozoa and spermatozoa from other

earthworms however, were ingested (Cammeron, L932). A series of

studies with sipunculids, (review: Cushing & Eþraker, L9l5) also found

lhat animals failed to encapsulate homologous eggs, despite the fact

that eggs do not normally occur in the male coelom, while eggs from a

sea urchin and another species of sipunculid were encapsulated. The

failure to recognise allogeneic eggs as floreign was used as a basis for

further experiments in an investigation of the mechanism of

recognition. They found that if eggs damaged by staining, heating or

sonification were introduced into the coelom of male worms, then these

eggs rvere rapidly encapsulated. Frozen eggs, despite appearing dead,

were not encapsulated. 0f further interest was the discovery that eggs

and spem shared at least two antigenic determinants. !¡lhether

recognition of these shared determinants inhibited encapsulation is not

known, but it is clear that recognition depended on the normal

configuration of the egg surface.

Two general conclusions can be drawn from the studies

discussed.. rirsùly, ingestion is not the automatic consequence of

contact between an invertebrate phagocyte and a foreign particle.

Seiondly, the selection of particles to be ingested appears to occur at

the cell surface, probably through the adhesion of the particle to the

phagocyte surflace. It is possible to explain the selective processes
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reported by invoking one or more of the following recognition

mechanisms:

a) selection could be the result of adhesion through a relatively

specific phagocyte surface receptor and a complementary molecule

on the foreign particle,

b) foreign particles could adhere to phagocyte receptors possessing

a range of carbohydrate specificities, or

c) the physical characteristics of certain particles (e.g. surface

charge, or hydrophobicity) may cause them to adhere to the

phagocyte.

Adhesion by any of these means may or may not involve a serum opsonin.

All three are operative in the interactions of vertebrate cells with

foreign particles (Jenkin & Bencerraf, 196O; Rabinovitch, L97O; van Oss

& GiIIman, L972; Capo, et aI., L979; l,Jeir & ögmundsdöttir, 1980;

Gl-ass et al., I9BI).

Experiments designed to investigate the nature of the

interaction between invertebrate phagocytes and foreign particles are

rare. Hilgard's group, working with in vitro cultures of coelomocytes

from the sea urchin, Strongylocentrotus purpuratus , addressed the

question of whether cell surface receptors were involved in the uptake

of certain proteins. Lþtake was assessed as the' amount of

cell-associated radio-labelled protein, hence with these data it is not

possible to determine whether I'uptake'r was due to ingestion

(pinocytosis or phagocytosis) or adherence. They attempted to inhibit

the uptake of 
" Cl4-l"betled protein by other related, unlabelled

proteins. The uptake of labelled bovine serum albumin (aSn-Cl4) was

inhibited by the addition of unlabelled BSA but not chicken serum

albumin (CSA) or human serum albumin (HSA). SimilarJ-y, the uptake of

CSA-CI4 was inhibited by CSA but not HSA or BSA (Hilgard g! al.,
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I974). The uptake of HSA-C was somewhat different. If HSA-C]4

was present at a concentration ofl 80 uglml then its uptake was not

inhibited by 80 pglm1 ol BSA or HSA. However if the concentration of

HSA-CI4 was raised to 32O yg/nL and 32O ug/ml- of BSA or HSA was added

then both proteins inhibited the uptake of HSA-Cl4 (Hilgard , IgtO).

These results were interpretèd to mean that the same receptor was

responsible for the uptake of BSA and ffiA, although thls receptor has

greater affinity for BSA. This receptor was also said to be distinct

from the CSA receptor. Further in vitro experiments (Hilgard, I97O)

and an in vivo clearance study (Hilgard et aI. , 1967) with BSA-C] 

and label-led bovine gamma gJ-obulin (BGG-C]4) similarly showed that

BGG-CI4 uptake could be inhibited by BSA and vice versa. These

results were again taken to indicate that receptors of different

binding specificities were involved in the uptake ofl BGG and BSA.

Two in vivo clearance studies perfomed on other invertebrates

gave similar results. The removal ofl both injected labelled BSA and

HSA from lhe haemolymph of the chiton Liophura gaimardi was inhibited

by the injection of a high dose of unlabelled l-lSA. However, the

removal of Poneropla (haemocyanin from another chÍton) was

not affected by l-54 (Critchton & Lafferty, 1975). These data, the

authors said, I'can only mean that distinct recognitioh units are

invol-ved in the elimination of these two proteins". Results from

clearance experiments with the crayflish Procambarus clarkii were also

interpreted to indicate that this animal had recognition molecules for

at least three groups of foreign proteins: albumins, gamma globulins

and haemocyanins (Sloan et aI. I L975).

Although the interpretation that specific molecular receptors

were involved in the uptake of these proteins may be correct, there are

alternative explanations. As charge or hydrophobicity of proteins is

I4
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known to influence their adhesion to surflaces (van Oss & Singer, 1966),

it is quite possible that the patterns of uptake observed were due to

differences in the physical properties ofl these molecules. The

adherence of a very hydrophobic moIecule, flor exampler mây not be

affected by the presence of another mo.l.ecule which binds through

electrostatic attractions and vice versa. As these studies give no

data to indicate that the proteins were internalised, the possibiJ-ity

of adherence cannot be ignored. Similarly, studies l-ike that performed

by Scott (I97I), where cockroach phagocytes were treated with a variety

of chemicals in an effort to inhibit the binding ofl erythrocytes,

cannot without considerably more detailed and rigorous experimentation

differentiate between non-specific sticking and adhesion through a

receptor, since alteration of the physical properties of the haemocyte

surflace could well have the same effect on erythrocyte adhesion as the

removal- of a receptor.

Although specific surface receptors may welI be essential for

some biological processes (e.9. sperm egg interaction in sea urchins:

Frazier & Glaser (review) , L979; and the uptake of glycoproteins by

Iiver cells: Ashwell & Morell, L974), it is conceivable that sel-ective

phagocytosis of foreign particles may be accomplished non-specifically

through the "recognition" of physical differences. If, òn the other

hand, binding occurs via receptors, the specificity of the latter may

be the result of interactions with carbohydrate determinants.

Haemocytes from some invertebrates do appear to possess urg"r-rp.cific

cell surface receptors. A study of the cytotoxic response of

haemocytes from the mollusc, Meqathura crenulata , and the echinoderm,

Pisaster gigantus, towards marnmalian erythrocytes revealed that certain

sugars could block killing. Since the blocking efficiency of the

sugars examined varied with both the type of erythrocytes used as
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targets and the derivation of the efflector cells (i.e. whether from the

echinoderm or the mollusc), it appeared that recognition could be

through sugar-specific molecules on the surface of the invertebrate

haemocytes (Decker et aI., 1981). The best evidence lor the uptake of

particles via a sugar-spe.ifi" cel-I surface receptor, in the absence of

an opsonin, comes from a study by Renwrantz et aI. (f98f) with the

snail Helix pomatia. The clearance of yeast cells was concluded to be

independent of an opsonin, as repeated injections of yeast cells did

not alter the rate at which a subsequent dose of cells was cleared.

However, when yeast celIs were injected in a concentrated solution

(0.2 M) of either N-acetyl galactosamine or N-acetyl glucosamine, their

clearance was signifcantly retarded (p < 0.02) whereas fucose, at the

same concentration, had no effect. These data strongly suggest that a

sugar-specific cell surface receptor was involved in the removal of

yeast cells from the haemolymph.

It should be.apparent from this discussion that phagocytes from

a wide variety of invertebrates ingest foreign particles selectively

and that recognition appears to occur via adhesion to the phagocytic

cell. There is no evidence to date of any highly specific cell bound

receptor, comparable to cytophilic antibody, on phagocytes from an

invertebrate, although phagocytes from some invertebrates do seem to

have sugar-specific (Iectin-Iike) receptors. In one instance (the

study with ]-lelix pomatia, Renwrantz et al. , I98I) such a receptor

appeared to be involved in ingestion but whether this is of general

occurrence is not known.
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L.3.4 Recoqnition bv cytic cells: The involvement of serum

opsonins

It is readily apparent from studies done with vertebrates that

opsonins greatry increase, the efficiency of the phagocytic system

(Jenkin & EÞnacerraf, 1960; Berken & Elenacerral, 1969). Although

invertebrates do not produce antibodies, at least not in amounts

detectable in the body fluids, it might nevertheless be advantageous

for those animals possessing a circulatory system to make molecules

which could ful-fil a similar, if more limited, function as opsonins.

Indeed, a number of investigations have indicated that opsonins do

occur in the haemolymph of some invertebrates. Amoebocytes from the

horseshoe crab Limulus polyphemus, for example, exhibit no significant

bactericidal effect in the absence of serum, but in the presence of

serum they

Micrococcus

kill Escherichia coli but not another bacterium,

luteus (Pistole & Britko, L97B). Sheep erythrocytes

sensitised with serum from the lobster, Homarus americanus, formed

rosettes with a Iarger proportion of lobster haemocytes than that

obtained with unsensitised erythrocytes (5yÁ compared to 3o%). The

number of haemocytes contaÍning phagocytosed sensitised erythrocytes

was al-so double that obtained with unsensitised erythrocytes (2% and I%

respectively) (Paterson & Stewart, L974). The susceptibility of

chicken erythrocytes to ingestion by haemocytes from the sea hare was

enhanced by pretreatment with serum (Pauley et aI, L97La). simirarly,

phagocytosis of human erythrocytes by haemocytes from the octopus

Eledone cirrosa occurred only after the erythrocytes had been exposed

to El-edone serum (Stuart, 1968). A study "with earthworm coelomocytes

revealed a differential requirement for opsonins. Onty cells

categorized as neutrophils exhj.bited enhanced phagocytosis of yeast

that had been exposed to coelomic fluid; the phagocytic acivity of arl
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other cells vvas not altered by the presence or absence of coelomic

fluid (Stein & Cooper, L98I). Prowse & Tait (1969) working with l'lelix

aspersa amoebocytes suggested that there may be two opsonins in the

haemolymph of this animal, one that binds formalinised sheep

erythrocytes and another for formalinised yeast cel-ls. Phagocytosis

was shown to occur in normal serum or in serum adsorbed with the

heterologous particle, but no significant phagocytosis of either yeast

or erythrocytes occurred in serum adsorbed with the homologous particle.

Although it has been widely accepted that haemolymph has opsonic

activity, very little is known about the molecular nature of the

opsonic factors or the inleraction between the foreign particles, the

opsonic factors and the phagocytic cells. Numerous studies have

indicated the presence of natuially occurring aggJ.utinins in the

haemolymph of representatives from a variety of invertebrate phyla

(Table-I.2) and as early as L966 Lt was suggested that these molecuLes

might function in recognition (eoyden, L966). As agglutinins bind and

cross-link various cells and bacteria, it is not unreasonable to expect

that they could also cross-Iink foreign particles to the surface of

phagocytes, thereby stimulating ingestion. However, the evidence that

agglutinins have opsonic properties is, with a few exceptions, IargeJ-y

circumstantial.

One of the earliest attempts to correlate haemagglutinating

activity with an opsonic function was performed by Tripp (L966\ using

the oyster, Crassostrea virginica. The in vitio phagocytosis of rabbit

erythrocytes was enhanced if the erythrocytes were pretreated with

coelomic fluid which contained agglutinins for these erythrocytes.

Similarly, RS405 bacteria were phagocytosed more rapidfy by haemocytes

from the clam Mercenaria mercenaria in the presence of clam haemolymph

(Arimoto & Tripp, L977). Phagocytosis in haemolymph adsorbed with



TABLE I.2 Examples of invertebrates shown to possess haemagglutinins.

Species Source of
Agglutinin

Reflerence

PORIFERA
Axinella sp.

COELENTERATA
Leptoqorgia virgulata

ANNELIDA
ibranchiata
terrestris

MOLLUSCA

extract

extract

coelomic fluid
coelomic fluid

haemolymph
albumin gland

albumin gland
haemolymph

haemolymph

haemolymph
haemolymph
haemolymph

haemolymph

coelomic fluid
coelomic fluid
coelomic fluid
haemolymph

haemolymph
haemolymph
haemol-ymph

Gold et aL., 1974

Lesniak & Liu, L982

Anderson, 1980
Cooper et al., L974

Pauley et aI., I97La
Hammarströn, L974;
Ishiyama, et aI., L974
Ishiyama, et al. , L974
McKay et aI., 1969

Finstad et al., 1974;
Cohen et a1., 1974
cohen æãI'., L974
McKay et al., 1969
Cornick-&-Stewart, L97 3
HalI & Rowl-ands, 1974
Jurenka et al., L982

Ryoyama, L974
Ryoyama, I974
Ryoyama, L974
Finstad et al., L972

Anderson & Good, L975
Fuke & tugai, 1972
Fuke & Sugai, 1972

Aplysia califlornica
@
Euhadra callizona amaliae
Efeilnio ambiquus-

ARTI-ROPODA
Limulus polyphemus

Birgus latro
Parachaeraps bicarinatus
l-þmarus americanus

Melanoplus sanguinipes

ECHINODERI4ATA
Anthocidaris crassipina

Asteria lorbsi

PROTOCI-ÐRDATA

Halocvnthia ovri formis
Efr-cyñfffi ñïfqffiïfi
Styela plicata
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RS-005 was not significantJ-y different from that in seawater. Two

other species of bacteria, not agglutinated by clam haemolymph, were

phagocytosed to the same degree regardless oi the presence or absence

of haemolymph. As RS-005 was agglutinated by the haemolymph, the

authors suggested that the agglutinin was also the opsonin. It is

possible, howevet, both in this and the previous study, that mol-ecules

other than the agglutinin became bound to the ingested particle and one

of these could have an opsonic function.

Phagocytosis ofl yeast, bacteria and erythrocytes from the

gastropod Otala lactea was studied by Anderson and Good (L976). The

results obtained with sheep erythrocytes are the most interesting.

Sheep erythrocytes treated with formalin were phagocytosed to a greater

extent than fresh ce.l-Is, although in neither case did haemolymph alter

the uptake of the erythrocytes. Evidence obtained by others, tl-ey

said, indicated that the haemolymph of this species did not contain any

haemagglutinins; extracts from the albumin gland however, did.

Accordingly, the effect of albumin gland extract on phagocytosis was

investigated. Although both untreated and formalinised erythrocytes

were agglutinated by the extract, only the phagocytosis of formalinised

cell-s was enhanced in the presence of the agglutinin. It is difficult

to see the role of an opsonin in the albumin gland 'flor In vtvo

clearance unless the opsonin had been secreted by the gland and was

present in the haemolymph in low doses, or on the surface of fixed and

circulating haemocytes. As some formalinised erythrocytes were

phagocytosed in the absence of the agglutinin, it is possible that the

opsonin may indeed occur on the surface of the haemocytes.

hlork with the freshwater gastropod Lymnaea stagnalis suggested

that haemolymph factors which bound to both bacteria and erythrocytes

may also be on the surface of amoebocytes (van der Knaap, et al.,
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1981a). Rabbit antisera were prepared against E. coli, StaphJ.ococcus

saprophyticus and rabbit erythrocytes, all of which had been incubated

with haemolymph flrom L. staqnalis and extensively washed before

injection. Both the cell membranes and the cytoplasm of L. stagnalis

amoebocytes stained wi-th the three antisera while control amoebocytes,

incubated with normal rabbit serum or with rabbit antisera directed

against the unsensitised bacteria or erythrocytes, remained negative.

However it is not clear whether the molecules which bound to these

cells were opsonic. Although bacteria of both species could be cleared

from the haemolymph, the rate of clearance was not increased iî the

cells had been first sensitised with serum (van der Knaap et aI.,

I98Ib). Apparently no attempt was made to reduce the concentration of

the bacterial bi-nding factors in the haemolymph prior to injecting the

bacteria, and it is possible that unsensitised bacteria became

opsonised with the factor upon entering the snail. If this was the

case, then previous treatment with serum may not increase significantly

the rate of clearance. If clearance had been examined in animals

injected with a blockading dose of bacteria (e.9. Tyson 6( Jenkin,

L973), then the presence of a serum opsonin may have been detected. An

earlier in vitro study with phagocytes from this species recorded serum

opsonins for yeast and sheep erythrocytes (Sninia et aI. , L97g).

l-bwever, it is not known whether these molecules are the factors that

bind to bacteria or rabbit erythrocytes.

As was already indicated by the Otala lactea study (Anderson ð(

Good, L976), exposure of particles to serum agglutinins may not always

enhance the rate of uptake of these particles. The rate of ingestion

of rabbit erythrocytes by phagocytes from the ascidian Styela plicata

was also not affected by coelomic fluid, even though the fluid

contained an agglutinin for these erythrocytes (Fuke & Sugai, L972).
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Similarly, the haemolymph from Clitumnus extradentatus and Periplaneta

americana contained sheep erythrocytes agglutinins, but the

sensitisation of sheep erythrocytes with haemolymph from either of

these two insects did not cause an increase in the number of

erythrocytes ingested by their haemocytes (Rowley & Ratcl-iffe, 1980).

In both instances, phagocytosis was quite high in the absence of

haemolymph. It is impossible, without some information as to the

specificity of both erythrocyte adhesion to the haemocytes and

erythrocyte agglutination, to determine whether this is due to

agglutinin associated with the haemocyte membrane or to another,

unrelated recognition molecule. As a large nunber of agglutinins seem

to be directed against sugars common on cell surfaces (review: Ey &

Jenkin, I9B2), it would not be surprising to find that haemocytes were

coated with agglutinins. Nor would it be surprising if haemocytes were

involved in the synthesis and secretion of agglutinins, as is suggested

by studies with the lobster (Cornick & Stewart, L973 ¿( L978) and

particularly the cockroach (Amirante, L976; Amirante & Mazzalai,

I978). In the latter study, fluorescein-l-abelled antibodies, directed

against haemagglutinins from the cockroach, Leucophaea maderae, were

used to label haemocytes cultured in vitro. Haemagglutinins were

detected on the plasma membrane, in the cytoplasm 'and in the

cytopJ.asmic vacuol-es of two of the four classified cell types. After

treatment with cycloheximide, an inhibitor of protein synthesis, the

haemocytes no longer became labelled. Howevet, labelling was restored

if the treated haemocytes were incubated without cycloheximide for a

further 24 hours, indicating that the haønagglutinins were being

synthesised by at least some of the cells in the haemocyte culture

(Amirante &. l,âzzaLaí rLg-/B) .
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S.rch findings illustrate the need for careful interpretation of

data. The finding that haemolymph is not required fo¡ phagocytosis

does not necessarily mean that agglutinins are not involved, fot

agglutinin molecules present in the haemolymph may also be associated

with cell surfaces and so act as receptors by which the phagocyte can

bind to and ingest foreign particles. In addition, the possibility

should be considered that haemolymph factors other than the

agglutinins, proteolytic enzymes for example, could alter the surface

of the foreign particle and so induce attachment and phagocytosis by

non-specific means.

A study which refutes the suggestion of non-specific attachment

of particles to haemocltes is one performed by Jenkin and colleagues

with the crayfish Cherax destructor (fcrmerly Parachaeraps

bicarinatus). They showed that haemolymph, containing agglutinins, was

necessary to obtain efficient phagocytosis of erythrocytes in vitro.

The adsorption of haemolymph with sheep erythrocytes removed both the

agglutinating and the opsonic activity for these cells. Nevertheless,

the adsorbed haemolymph stiII agglutinated human erythrocytes and

enhanced the phagocytosis of these cells (lacXay & Jenkin, I970b).

Subsequent investigat ions indicated that the in vivo elimination of

bacteria also depended on the presence of haemolymph flacÙors (Tyson E(

Jenkin, L973). They found that crayfish given a large primary dose of

bacteria were effectively "blockaded'r, i.e., a second dose of bacteria,

given soon after the crayfish had cleared the flirst dose, was

eliminated much more slowly. In vertebrates blockaded in this manner,

the rate of clearance can be restored if the second dose of bacteria is

pretreated in vitro with specific antibody. Similar results were

obtained with the crayfish; the blockade could be reversed by

pretreating the sècond dose of bacteria with haemolymph. Bacteria
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treated with haemolymph which had been adsorbed with this bacterial

strain, were cleared at the same rate as untreated bacteria. It is

noteworthy that if the primary dose of bacteria lvas treated with

haemolymph before injection, the removal- of haemolymph flactors was

minimised and a second dose of unsensitised bacteria lvas cleared at

normal rates.

Additional experiments indicated that bacteria could be ingested

and killed by the phagocytic cells in vitro, regardless of whether the

bacteria had been pretreated with haemolymph (Tyson ð( Jenkin, 1974).

However, haemocytes treated with trypsin could not ingest bacteria

unless the bacteria or the haemocytes were incubated with haemolymph

prior to experimentation. Trypsinised haemocytes, incubated in

haemoJ-ymph adsorbed with the bacteria, were unable to ingest

unopsonised bacteria. These results suggest that recognition factors

for baeteria were both free in the haemolymph and bound to the

phagocytic cell membrane. They also support the notion that the

recognition factor(s) in the haemolymph and the cell-bound molecule(s)

are identical. Conerete evidence that the recognition molecule is also

an agglutinin has yet to be presented. Nevertheless, the most likely

interpretation of the present data is that a specific recognition

motecule(s) is involved in phagocytosis. \

The only unambiguous evidence supporting the hypothesis that an

agglutinin molecule can function as an opsonin in vivo is that

presented by Renwrantz's group working with the snail Helix pomatia.

They found that the rate of clearance of human type A and B

erythrocytes could be increased if these cells were preincubated in

haemolymph. Further evidence for the requirement of a serum opsonin'in

phagocytosis was provided by blockade experiments. SnaiIs blockaded

nil unsensitised A erythrocytes cleared a second doðe of
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unsensitised A cerls more slowry, but if the second dose of

erythrocytes had been pretreated with haemolymph then the blockade was

reversed (Renwrantz & lubhr, I97B). The clearance of radiolabelled

human serum albumin could be similarly blockaded, and this suggested

that serum opsonins were required for the removal of both A and B

erythrocytes and serum al-bumin. Furthermore, it appeared that the same

opsonin was involved in each case, since blockading snails with serum

albumin lowered the cLearance rate of a subsequent dose of A

erythrocytes and simiJ-arly blockading with A erythrocytes reduced the

cLearance of B erythrocytes (Renwrantz et al., 1981).

A haemagglutinin detected in the haemolymph of H. pomatia using

pronase-treated type A erythrocytes could be specifically inhibited by

N-acetylgalactosamine and N-acetylglucosamine (RenwranLz, L979). The

possibility that the opsonic activity ol haemolymph for type

A-erythrocytes was due to this agglutinin was investigated by Harm E(

Renwrantz (f980). They reasoned that if both the clearance and the

agglutination of erythrocytes could be inhibited by N-acetylglucosamine

then this would support the suggestion that one molecule is responsible

for both activities. Accordingly, snails were injected with

erythrocytes suspended in either O.2 M N-acetylglucosamine or

O.2 14 fucose and the rates of clearance were compared 'to that of

erythrocytes injected in saline. N-acetylglucosamine was found to

significantly (P < 0.005) reduce the rate of clearance over that

obtained with erythrocytes suspended in saline. The clearance of cells

in a fucose solution was not inhibited. These data strongly support

the suggestion that the haemolymph opsonin is also the agglutinin.

It had been previously demonstrated that a nunber of plant and

animal lectins could mediate the attacl-ment of human erythrocytes to

H. pomatia haemocytes in vitro (Renwrantz & Cheng, L977a & b).
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Accordingly, the rate of cl-earance of erythrocytes that had been

treated with one of a number of different agglutinins before injection

into blockaded snails was measured. The results indicated that not all
agglutinins were opsonic. 

.. 
Concanavalin A and a lectin from AxinelLa

polypoides, despite being able to mediate the adherence of erythrocytes

to the snail haemocytes in vitro, were unable to reverse the blockade

(Renwrantz & Mohr, 1978; Harm & Renwrantz, I9B0). In contrast,

extracts of the albumin glands of !. pomatia and Cepaea nemoral-is,

(both of which exhibited agglutinating activj.ty) reversed the blockade

(Renwrantz & t6hr, 1978). The. purified blood group A speciflic

agglutinin flrom H. pomatia al-bumin gland extracts was also capable of

reversing the blockade (Harm & Renwrantz, 1980). It is noteworthy that

this agglutinin can be inhibited by N-acetylgalactosamine and

N-acetylglucosamine (Uhlenbruck & Prokop, L966; Prokop et al. , 1968;

Ishiyama & Uhlenbruck, 1972), the same sugars that inhibited the

clearance ofl erythrocytes and yeast (reported earlier). It appears,

therefore, that clearance of type A erythrocytes and yeast cells in

this species occurs by adhesion to a specific cell surface receptor,

whÍch may be a cell-bound form ofl the aggJ-utinin for type A

erythrocytes.

I.4 Re-examination ofl the Model.

It is clear from the preceding discussion that phagocytosis is

essential for the elimination of a variety of foreign particles from

the tissues of invertebrates and, as in vertebrates, invertebrate

phagocytes do not ingest particles indiscriminately. In fac.t, to
function efflectively within a multicellular organism a phagocytic ceLl

must select only unwanted or foreign material . for ingestion. These

cells therefore require a capacity for self/non-self discrimination.
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The nature of this discrimination is not known but it is possible to

erect a model which accounts for both recognition by vertebrate cells

through the products of the major histocompatibility complex (MHC) and

the requirønent of invertebrate phagocytes for self/non-seIf

discrimination.

The simplest form of self/non-self discrimination would be a

specific recognition of sel-f. Evidence has been presented indicating

that a number of invertebrates appear to actively recognise rrselfrr

(Theodor, 1976; oka, L97O). Although these studies were not referring

directly to phagocytic cells, it is nevertheless likely that phagocytes

do recognise self. In fact, self-recognition has been proposed to be a

general property of aIl cells and the possibility of co-operation

between specialised celIs in the same individual requires that

self-recogition be an active process (Dausset, I9BI). Others have

postulated the recognition of self by phagocytic cells as an active

process occurring via a set of histocompatibitity markers (Hildemann,

L977; Lar€man, L97B), the self marker being designated H and its

recognition structure on the phagocyte as anti-H (Langman, 1978). A

phagocyte would be free to ingest any particle, to which it became

attached, not carrying the self H marker, while the association of

anti-H receptors on the phagocyte with complementary H molecules on all

self cells would initiate a rrdonrt kill" signal. If H is modified by

antigen or aging such that recognition by anti-H is not possible then

ingestion ofl sel-f can occur, âS, fot example, during insect

metamorphosis when degenerating tissue is phagocytosed (ltligglesworth,

L954). A protein-carbohydrate system similar to thatr observed in

sponge cell recognition has been proposed as the molecular structure of

the invertebrate self recognition unit (Rothenberg, L978). As the

invertebrate self recognition system(s) may represent the beginning of
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the vertebrate MHC, it is particularly relevant that

carbohydrate-protein interactions are viewed with an increasing

importance within the murine H-2 system (Lengerova et al., 1977; Sia &

Parish, 1981). 
^

The selective ingestion of invertebrate phagocytes operates not

only with respect to self,/non-self but also between different non-self

particles (see section L.3.3). The selection of non-self particles in

the absence of a hurnoral component could occur either via a cell

surface receptor or through non-specific means, i.e. a physical

attractj.on caused, for example, by hydrophobicity. Despite the fact

that conclusive evidence for a cell surface receptor is restricted to

the Helix pomatia study (Renwrantz et a1,. l9BI), it is probable that

both mechanisms operate. As firm attachment of the foreign particle to

the phagocyte is probably required for efficient ingestion, one can

envisage that a receptor abl-e to bind those particles/molecules that do

not stick to the phagocyte non-speciflically would be favoured by

selection. The notion that primitive macrophages have the capacity to

recognise non-self is not new, as Langman (1978), in a discussion on T

cell killing, proposed that a non-self recognition structure (anti-X)

evolved on the surface of phagocytic cells as a result of selection

imposed by intracellular parasites. A primitive non-self receptor

coul-d weII have a broad specificÍty directed against carbohydrate

determinants found commonly on the surfaces of a variety of pathogens

and, possibly, also on self cells. If a phagocyte did bind a self

cell, then any rrdonrt kill" signal generated by the union of H with

anti-H would need to override the postulated phagocytosis signal

generated by adhesion of anti-X to the surface.

The requirement by a number of invertebrates of serum opsonins

for phagocytosis is a further exampJ-e that, in some species,
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recognition of foreignness is an active and specific process. It is

postulated that in this case phagocytosis is induced by the binding of

an opsonin-coated foreign particle to the phagocytic cell via an

opsonin receptor. 
*

There are a nunber ofl ways that self-reactivity (auto-immunity)

could be avoided in animals with opsonins without postulating the

necessity flor a trdonrt kill" signal on recognition of sel-f :-

(1) SeIf cells may be saturated with low affinity-binding opsonin,

while opsonin binds non-seIf particles, through the same

binding site, with high affinity. One coul-d envisage that the

attachment of the opsonised particles to the phagocytes is

stabilised by multi-point binding. To ensure that aII

opsonins bind self with low afflinity the production of

opsonins binding self with high affinity would need to be

suppressed. This is the meshanism that is beleived to operate

in vertebrates to el-iminate the sensitisation of selfl cells

with antibody (Karush, L976; Pike et aI., L982).

(2) Self cells other than the phagocytes may not bind opsonin,

while phagocytes possess a receptor common to aII opsonins.

M.rlti-point binding of the opsonised particles to the

phagocytes could again be envisaged as producing a stable

attacl-ment.

(3) All self cells may be unable to bind uncomplexed opsonin. The

adhesion of the opsonin to foreign particles could generate or

expose another opsonin binding site for a receptor on the

phagocytes.

Whether one or more of these mechanism operate within the

invertebrates is open to question. To date no invertebrate opsonins

have been shown to undergo a conformational change upon attacl-ment to a
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foreign particle. More immportantly, invertebrates appear to lack a

variety of highly specific opsonins and the possession of many opsonins

each with a fine specificity base is a requirement for alL three

proposals. In order for a limited number of opsonins to bind a wide

range of potential pathogens opsonins would need to be of broad

specificity. It is unlikely therefore, that aII such opsonins would

bind self determinants with low affinity. It is worth noting that

washed cells from some invertebrates appear to be coated with opsonin

(Tyson & Jenkin, L974). one may expect that opsonins coating

phagocytic cells would act like anti-X receptors and hence facilitate

phagocytosis of foreign particles. However the potentiaJ- would also

exist for phagocytes to bind functioning self cells, if the self cells

had exposed opsonin receptors. It therefore seems more likely that the

control of phagocytosis in invertebrates may require two signals:

(I) phagocytosis being induced by the linkage of particles through

either an opsonin or a cell bound anti-X receptor (signal I) 
'

unless

(2) the phagocyte simultaneously receives a rrdonrt kiII" signal

(signal 2) through the occupancy of its self recognition

receptors (Fig I.2).

A refinement of the specificity of both the anti-X receptors and

opsonins would reduce the problem of self-reactivity and probably

increase the affinity/avidity with which these molecules bound unwanted

material, provided the non-self material had the corresponding X

marker. l-bwever an increased number of the more specific opsonins and

anti-X receptors would be required if the same variety of particles is

to be recognised. Nevertheless, providing the benefits of specificity

outweighed the metabolic cost of producing more opsonins and/ot anti-X

receptors, it is conceivable that some of the complex invertebrates may



FIGURE I.2 A model proposed to explain phagocytosis by invertebrate cells where

se.Lf-reactivity is controlled by the recognition of self through a self marker (H)

and a recognition structure on the phagocyte (anti-H). Self-recognition is proposed

to control phagocytosis in the absence of an opsonin (a), or when phagocytosi-s is
initiated by the binding of opsonised ceÌls (b). In both cases it is envisaged that

any ceJ.I/particle to which the phagocyte becomes attached would be ingested unl-ess

self is specifically recognised.
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possess a family of such molecules. Prowse & Tait (1969) have

presented evidence that two opsonins may exist in the haemolymph of

Helix aspersa. As recognition is investigated in more invertebrates

using a wide range of loreign particles, particularly those from the

animals' native environment, other examples of animals utilising a

range of opsonins are likely to arise.

Lhfortunately the study of inrnunity in invertebrates has been so

far restricted to a very few animals and most of these have been

investigated in little detail. AJ-though evidence is available lo

support aspects of the model, many questions remain unanswered. The

prevalence of opsonins and the properties of these molecules, their

binding specificities, source of production and importance in immunity

need to be examined thoroughly. The precise means by which

invertebrate phagocytes recognise particles has yet to be elucidated

for any particular case. For instance, what is the relative importance

of adhesion through either a surface receptor or physical attractions

in recognition by phagocytic cell-s and at what stage in the phylogeny

did surface receptors arise? These and other questions can only be

answered by detailed systematic studies on animals within different

phy1a. Although the lack of reliable information makes the

construction of generalities both difficult and to some eìtent unwise,

the presentation of models is necessary to offer both a basis for

experimentation and a direction for this research.

L.5 The erimental roach undertaken in an inves tion ol cell

reco ition in B. Ieachii.

At the commencement of this work virtually nothing was known

about the defence response of E. leachii to foreig material.

B. Ieachii colonies were known to possess amoeboid cells which were
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lound to be involved in the removal of unwanted material (Burighel

et al. , L976) but nothing was known about the recognition mechanisms

utilised by these cells. A study on the recognition of con-specifics

by Botryllus primigenus, a related species, suggested that this

reaction was controlled by factors in the haemolymph (¡4ukai, 1967) but

whether cellular and,/or molecular elements were involved was not

known. In two other studies (Fuke & tugai, L972; Wright, 1974) the

suggestion was made that haemagglutinins detected in the haemolymph of

some ascidians could be involved in recognition by the phagocytic cells

of these species, but the experimental evidence was inconclusive. In

view of these studies it was decided to address the question of ceII

recognition in B. leachii by firstly, examining the haemolymph of this

animal for haemagglutinins, if possible purifying and characterising

any haemagglutinins detected and secondly, investigating the function

of the agglutinins. My preliminary work suggested that there were at

least two haemagglutinins in q.. leachii haemolymph. These two

haemagglutinins, termed HA-l and ffi-2, and a third molecule (Lep-¡)

which, although binding to certain vertebrate erythrocytes was a very

poor agglutinin, were purified and characterised by Sam Schluter (see

Schluter, L982). An investigation of the functional aspects of these

molecules formed the basis of this thesis. '

The function of the agglutinins was addressed at three levels:-

(I) If aggJ.utinins did perflorm an essential function in ascidians

then one might expect molecules of a similar structure also to

exist in other ascidian species. This possibility was

examined using haemolymph from a wide range of ascidian

species

(2) Both in vivo and in vitro studies were undertaken in an effort

to obtain unambiguous data as to whether or not the
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haemagglutinins from B. leachii function as opsonins in this

species.

(l) Finally, the possibility that the B. leachii haemagglutinins

may be structurally related to vertebrate antibody was

considered. As the phylogenetic position of the ascidians'is

intermediate between the vertebrates and the non-chordate

invertebrates, it was possible that a molecule with an opsonic

function in q. Ieachii eolonies may also function as an

opsonin for the phagocytic cel.ls from a vertebrate. If so, it

could be argued that' the invertebrate opsonin may have sqne

structural homology with immunoglobulin-



Chapter 2

MATERIAI-S AND I'ETH0DS
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2.1 Media and reaqents

Deionised , f iltered water ( ffiIf i-R060; MiJ-lipore Corporation ,

U.S.A.) was used to make the solutions and buffers. The following

solutions were prepared and stored at 40 before use.

Saline: O.9% w/v (0.154 M) dispensed in 500 ml- aliquots and

autoclaved at 1200 lor 20 min.

Alsever's solution: NaCI (4.2 g), D-glucose (20.5 g) r sodium

citrate dihydrate (8 g) and citric acid (0.8 g) were

dissolved in water to a final volume of one litre. The

solution was adjusted to pH 6.L with LO% citric acid,

dispensed in 100 ml aliquots and autoclaved at I2Oo for

20 min.

Phosp hate-bufflered saline with azide (PBS-azide): NaCl (L6.2 s),

NarHP0o (3.0+ g¡, NaHrP0o.2HrO (0.78 g) and NaN,

(l g) were dissolved in water to a final volu¡ne of two litres.

Tris-buffered saline with azíde (TSA): Stock 0.5 M Tris buffer

was prepared by dissolving I2L.1 g of

Tris(hydroxymethyf)amino-methane (Tris) and I g of NaN, in

1800 mI of water, adjusting the pH to pH 7.5 with 72% w/w HCL

and adjusting the final volume to two litres with water.

A second stock solution (¡ ¡¿ t'laCt) was prepared by dissolving

L54.9 g of NaCl and 0.5 g of NaN, in water to a final

vol-ume of one litre. TSA was prepared by mixing together

50 mI of each solution plus t0 mI of l0% NaN, with 900 ml

of water.

General reagents were obtained as indicated: Sephadex G-200,

Sepharose 48, Sephacryl S-200 and Sephacryl 5-100 (Pharmacia Fine

Chemicals); Standard proteins (Sigma Chemical Company and

Calbiochem-EÞhring Corporation); Sodium íodide-L25 (IMS:10) and sodium



39,

chromate-5l (fhe Radiochemical Centre, Amersham); L99 Medium, foetal

calf serum, bovine serum albumin (Cohn fraction V) and rabbit antiserum

specific for sheep erythrocytes (Commonwealth Serum Laboratories,

Melbourne); DuLbecco's modified Eagles medium (flow Laboratories,

Virginia) ; Concanavalin A and phytohaemagglutinin (Pharmacia); Wheat

germ lectin (Calbiochem, Australia).

The foltowing reagents Mouse IgG, Purified HA-I and ll\-2

agglutinins and LBP-I from 9.. leachii and haemolymph from Cherax

destructor were supplied by Drs P.L. Ey and S.F. Schluter of Dept. of

Microbiology and Immunology, The University of Adelaide.

Except where indicated, sugals were purchased from BDH

Chemicals Ltd., Laboratory grade: D-arabinose, L-arabinose. Analytical

grade: D-galactose, D-glucose, Iactose, mannose, melibiose (n grade,

Calbiochem), maltose and sucrose. D-Fucose (Sigma Chem. Co.) was

kindly donated by Dr J. Redmond, Chemistry Dept.., Maquarie University,

New South V,JaIes.

2.2 CoLIection and storaqe of animals.

Colonies of q. Ieachii were collected from pier pilings at

Edithburgh, South Australia (unless otherwise indicated) using SCUBA.

The other ascidians used in this study were collected in a similar

manner from a variety of locations around the South Australian coast.

AII aninrals were maintained at l5o in holding tanks of aerated sea

water.

2.3 Preparation of ascidian specimens for dissection and identification.

As Soon as possible after collection the animals were

narcotiséd. This was performed by transferring the animals to a small

volr-¡ne of sea water to which was added, over a numbe¡ of hours,
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increasing quantities of MgS04. Vihen the animals were completely

immobilised they were transferred to a bufflered solution of salt water

formalin: 100 ml Formalin, 900 ml sea water, NaHrPO +.HZO (4 g)

and NarHPOr, (6.5 g) 
l"t 

at least 48 hr before dissection.

Dissection was carried out according to the directions of Monniot &

l"bnniot (1972) and identÍfication was on the basis of keys and

descriptions given in the fol-Iowing publications: Kott (1952; 1957;

1962; L963; 1968; L972 a & b; 1975; L976); Millar (L96i); Monniot &

t"bnniot (1972). Voucher specimens with corresponding in situ

photographs ale held at the Dept. of Zoology, The University of

Adelaide.

2. 4 Collection of ascidian haemolymph.

2.4.I B. Ieachii and Elo llus

After removing surflace water with a paper towel, incisions were

made in the tunic matrix beneath the zooids and the exuding fluid was

collected in a large petri dish. Gentle squeezing by hand usually

produced as much as 20 mI ofl haemoJ-ymph from a colony I cm in

diameter. The haemolymph was centrifuged (9m 9, 5 min) to remove

cells and other debris and was stored at -2Oo. When required it was

thawed and clarified by centrifuging at f0,000 g for l0 min at 40 in a

Sorvall RC-5 centrifuge using a SSf4 rotor (0upont Instruments U.S.A.).

2.4.2 Other ascidian species.

Haemolymph was collected from other ascidÍans in a manner

similar to that described above (2.+.t¡i however differences etisted in

the quantity of haemolymph obtained and the position of the incisions.

Although incisions wele again made in. the tunic, often it tlvas

impossible to avoid either slicing zooids (e.9. in compound ascidians
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tike the Didemnidae) or piercing the body wall (e.g . PodoclaveLla

cytindrica and Stol-onica australia) , hence it was difficult to estimate

the relative proportions of haemolymph, coelomic fluid and interstitial

fluid that was collected. Nevertheless this liquid was termed

haemolymph for convenience.

AII samples collected were centrifuged (900 g, 5 min) and stored

aL -2Oo.

2.5 Pte tion of th

Sheep blood was drawn aseptically into Alsever's soLution and

stored at 4o for no longer than J weeks. Blood collected by cardiac

puncture from guinea Pigs, trout and chickens was mixed with 0.I5 M

NaCI containing 0.013 M trisodium citrate (citrate-saline) and stored

at 40 for a maximum of three days. Tortoise Chelodina longicolis)

bl-ood'was obtaÍned by puncturing the juguJ-ar veins and it was treated

in the above manner. f'{hen required, the erythrocytes were centrifuged

at 900 g for 5 min, washed twice in saline and stored at 40 as a

IO% v/v suspension for no longer than 3 days. Bl-ood collected from

LACA mice was mixed with citrate saline (0.168 M NaC]) . l'4ouse

erythrocytes were washed in 0.168 M NaCI and used immediately.

2.6 Flaemagglutination assays.

Two-fold serial dilutions of haemolymph were mixed with an equal

volwe (50 Ff) of an O.5% erythrocyte suspension in the we]ls of a

mierotitre tray (tinbro Scientific Co., U.S.A. ' Model IS-FB-96).

Titres were expressed as the greatest dilution of the sample which

caused complete agglutination. In situations where greater accuracy

was required the titre given represents the maximtm dilution which

caused any agglutination, agglutinatÍon being evaluated as a fraction
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of I, i.e. 0, I/4, !/2, 3/4 or I where I = complete agglutination in a

particular welI, €.g. â titre of I/22'75 indicates that 2.75 wells

were agglutinated. A variety of diluents was used according to the

particular agglutinins being assayed. Physiological saline, isotonic

trisodium citrate (3.8%)r"r, mM tris-buffered saline, PH 7.6 (TSA)

supplemented w.ith bovine seium albumin (BSA,0.0I mg/ml) and either

5 mM CaCI^ (HA-} diluent) or 5 mM EDTA (HA-2 diluents) wele used as
z

diluents.

2.7 Inhibition of haemaqql utination bv suqars.

For testing the specificity of agglutinins, haemagglutination

aSSayS were performed in the plesence of a variety of SUgarS, each at a

final concentration of 67 mM. The sugars were dissolved in distilled

water to give solutions iso-osmotic with physiological sal-ine and then

diluted in either TSA plus 5 mM CaCI, and 5 mM MgCl, or 3.8%

trisodium cÍtrate. Serial two-fold dilutions (25 yL) of the sample

were made acIoSS the rows of a microtitre tray. Twenty five

microlitres.of the first sugar solution were then added to each weII in

the first row, while subsequent rows received 25 VL of a different

sugar. A row containing 25 pL of diluent was the control. Finally

50 pl of a O.5% suspension of erythrocytes were added to aIl wells.

The effect of a sugar on the agglutination reaction could be determined

by a comparison of the titres obtained with and without sugar. Where

precise sugar inhibition data wele required r this procedure was

repeated with a range of sugar concentrations and the concentration ofl

sugar which reduced the agglutinating titre by one well (50%) was

determined.
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2.8 Concentration of samples by uJ-trafil-tration.

Samples were concentrated using Amicon (Amicon Coorporation,

U.S.A.) stirred celLs and Diaflo ultrafil-tration membranes. A 200 mI

model 202 stirred cell was rsed with a PM I0 membrane and a 50 ml cell

(model 52) was used with a YM I0 membrane. Samples of less than I0 ml

were concentrated on a Minicon-C5]5 (Amicon) unit. Beflore use, this

unit was briefly washed with Tris-buffered saline supplanented with

0.01 mg/ml BSA in order to reduce non-specific adsorbance of the

agglutinins to the sides of the unit.

2.9 Iodination of proteins.

Purified HA-t and HA-2 agglutinins and LBP-I (from B. Ieachii)

were radio-labelled with iodine-l25 (IMS:10, Amersham) by Dr P.L. Ey,

using a solid-phase oxidising agent (Iodogen) as described by

Salacinski et al. (1981).

2.I0 Column chromat

2.LO.I Sephacry I 5-200 chromatooraohv of haemolvmoh.

Sephacryl 5-200 was mixed with TSA and the slurry poured into a

2.5 cm diameter glass tube. The column was allowed to pack under

gravity flow with extra slurry being occasionally added untiL the bed

was 84 cm J-ong. The col-umn was equilibrated at 40 with TSA containing

0.1 M glucose, 0.05 M galactose and O.52 M NaCI (eluate buflfer). It
was necessary to use a buffer with a tonicity equivalent to sea water

as a nurnber of the agglutinins were shown to be unstable at lower salt

concentrations. The column was calibrated with Blue Dextran 2OOO,

tl25-I"b"I1.d mouse IgGI, BSA and horse heart myogtobin. A mixture

of these markers was applied to the column in I mI of buffer. The

column was washed at a flow rate of L2 mllhr set by a LKB
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(LXg-productor AB) peristaltic pump and 5.7 mI fractions were col-Lected

using an LKB Ultrorac fraction col-Iector. The elution positions of the

various markers were determined by measuring optical absorbance at

280 nm and radioactivity (Packard Autogamma counter) in the various

fractions. The markers were identified by a previous knowledge ofl

their molecular weights.

2.LO.2 Seohacryl 5-100 chromato of affinity purified

agglutinins.

A 40 x 2 cm cofumn of Sephacryl 5-100, prepared in a fashion

identical to that described above (2.10.1), was equilibrated at 40 with

TSA containing 0.5 mM EDTA, 0.5 mM EGTA and for some fractionations

0.IM lactose, depending on the nature of the agglutinin(s) being

chromatographed. Two millitre samples were loaded onto the column and

the eluate was collected as I.9 mI fractions at a flow rate of

6.8 mllhr. The eluent buffe¡ was that used to equilibrate the column.

The column was calibrated with Blue Dextran 2000, myoglobin, BSAr mouse

IgGI and IgM antibodies, and tyrosine. Various combinations of these

markers were included as intrinsic markers in subsequenL 2 nL samples

containing affinity purified agglutinins.

2.LL Purification of aqqlutinins from B. Ieachii and Ebtryllus sp

haemolymph.

The agglutinins flrom E. leachii haemolymph were purified by

Drs. S.F. Schluter and P.L. EY, using methods slightly modified from

those described by Schluter (L982). The initial step for all proteins

(HA-I, HA-2, & LBP-I) was affinity chromatography using an adsorbent

consisting of acid treated, ë.poxy-activated Sephrose 48 to which

lactose had been conjugated (Lac-acid-Sepharose). The adsorbent was
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prepared by Dr S.F. Schluter (Schluter, L982) by the method of Uy &

WoLd (1977).

The l1A-2 agglutinin was purified in three steps, by affinity

chromatography on the 
.-Lac-acid-Sepharose 

column, followed by

ion-exchange chromatography on DEAE-cellulose (DE-52, Whatman; 25 mM

Tris-HCI, I mM EDTA, 20 mM lactose, B mM NaN' pH 8.3) where the pure

agglqtinin was collected in the effluent, and finally by gel fliltration

chromatography on sephacryl s-200 (rsn s( I mM EDTA ¿( 0.I M lactose),

where the agglutinin eluted as a single, homogenous peak. This was

concentrated and dialysed. The purified l1A-2 yielded a single

polypeptide band ( approx. mol. wt . = t3 rWO) upon analysis by

polyacrylamide gel electrophoresis in sodium dodecyl sulphide

(SDS-PAGE), both in reducing and non-reducing conditions. A I mg/ml

solution had an aggtutinating titre against sheep erythrocytes (O.5%)

of I:3r5OO.

The HA-l agglutinin and the related Iactose-binding protein-3

(LBP-I) were similarly purified by affinity chromatograPlry,

ion-exchange (both proteins were eluted together using a salt gradient)

and chromatography on Sephacryl 5-200 (TSA plus I mM EDTA). They were

separated in the latter step and each protein was rerun through the

Sephacryl column to reduce cross-contamination to negJ.igible Ievels

( < 1%). SDS-PAGE analysis showed that the HA-l consisted of a single

disulphide-bonded subunit (approx. mol. wt. = 28r5OO) and the LBP-I of

two disulphide-bonded subunits (approx. mol. wts. = 22r5OO E( 28'5OO).

Both proteins reacted strongly with rabbit antisera raised against

either protein, but neither reacted with an antiserum against llA-2. A

I mglml solution of the HA-l and LBP-I exhibited an agglutination titre

against O.5% guinea pig erythrocytes of approximately I:700'000 and

I:400 respectively.
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The methods used to purify the agglutinins from BotryIIus sp.

haemolymph were based on those described above. EDTA had been found to

reversibly inactivate the B. Ieachii HA-l agglutinin without affecting

the activity of the HA-z 
.agglutinin 

(Schluter, L982). Hence when

B. Ieachii haemolymph containing excess EDTA was passed through the

Lac-acid-Sepharose column, the HA-I agglutinin passed through in the

effl-uent while the HA-2 agglutinin bound to the column. It was assumed

that this would also apply for the Botryllus sp. agglutinins as their

divalent cation requirements were apparently identical to those of the

B. Ieachii aggJ.utinins.

Bo Ilus sp. haemolymph (75 mI) was dialysed against TSA

containing 5mM EDTA and passed at 40 through a colunn conatining 15 mI

of Lac-acid-Sepharose. The column was washed aL 2L ml/hr with TSA plus

EDTA to collect unbound substances in the effl-uent. Fractions of

8.8 ml .wele collected. The "HA-2-l-ike" aggJ-utinin was subsequentJ-y

eluted with lactose (0.I M in TSA) . To purify the "M-I-l-ike"

aggJ-utinin, the effluent haemolymph from above was made 10 mM with

respect to CaCL, and then re-passaged through the affinity column

which had been equilibrated with TSA plus 5mM CaCIr. The column was

washed with TSA/CaC1, and the agglutinin was then eluted with

lSA/C-aCL2 and I0 mM lactose.

2.L2 Preparation of isokinetic sucrose qradients

The apparatus used for making these gradients was an adaptation

of the gradient maker described by NoII (L967) and is illustrated in

Schluter (Lg82). it consisted of a stoppered mixing chamber containing

a magnetic stirring bar. This chamber was connected to a vesseL

containing the reservoir solution by silicon tubing that passed through

the air-tight stopper. The reservoir solution was pr-rnped into the
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mixing chamber by a peristaltic pump. The sucrose solution from the

mixing vesseL was delivered to the bottom of a cell-ulose nitrate

gradient tube so that the less dense fluid introduced first flloated

above the fluid of increasing density purnped in subsequently. The

sucrose solutions were prepared by dissolving weighed amounts ofl

sucrose in half the required final volume of 20 mM phosphate-buffered

0.J M NaCI (pH 7.2) containing O.L% NaN, and then diJ-uting with

distilled water to the final vol-ume. This ensured that the sal-t

concentration was the same throughout the gradient.

To make a gradient, 12 mI of sucrose solution, from the

reservoir, at a concentration (Cr) of 3I.3L% w/v was pumped into the

mixing vessel containing LO.49 ml- (V,n) of sucrose solution at a

concentration (Ct) of 4.06% w/v. The pumping of, the reservoir

solution into the mixing vessel forced an equal volume of sucrose

solution out of the mixing chamber into the gradient tube and as more

of the reservoir solution was punped into the mixing chamber the

density of the solution added to the gradient increased. Gradients

produced as described have a sucrose density range of 4.06% to

22.63% w/v. Details concerning the calculation of C, and V, when

using a Eleckman SW I (6 bucket) rotor are given in Johns & Stanworth

(re76).
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2.lf Immunochemical anlavsis.

2.L3.L Rocket Immunoelectro res].s.

Immunoelectrophoresis (IEP) buffer was prepared as a five-times

concentrated solution as follows:-

Solution I: Glycine 140.5 g

Tris II3.0 g

n-Butanol 50. ml

V'later to 2500. mI

Solution 2: Barbitone 5.18 g

Dissolve in approximately 1000 mI of hot water

Add 32.5 g sodium barbitone.

Sol-utions I and 2 were combined and the volume adjusted to 5000 ml with

water. The stock solution was diluted five-fold and the pH was

adjusted to exactly pH 8.6 to produce the working buffer. One percent

agamse was prepared by dispersing I g ofl agarose (Seakem HGT, Marine

Colloids) in 100 ml of IEP buffler plus I mM EDTA at 1000.

To prepare a plate, 0.I m1 of anti-LBP-f rabbit irnmunoglobulin

was mixed with Il mI of 1% agarose in a 560 water bath and poured onto

a 7 cm x I0 cm glass plate. After the agarose had gelled, holes (l mm

diameter) were punched at 6 mm intervals in a line I cm from the long

edge of the plate using a Bio-Kad gel puncher. The plates were

connected to the buffer reservoirs with surgical lint. Power was

applied at 2 volts/cm and f0 U f samples were loaded into each weII.

Etectrophoresis was continuecl overnight. The agarose was pressed to a

thin film under layers of f{hatman filter paper and papel towelling'

rinsed in saline for 15 min and pressed again before being dried and

stained.
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2.L3.2 Ouchterlony tests.

The plates were prepared by pouring 6.7 mI of I% agarose

dispersed in lEP-buffer containing either I mM EDTA (nn-f analysis) or

O.2 M lactose (HA-2 analysis) onto a 5 x 7.6 cm glass plate. The

agarose was allowed to gel and then six, 3 mm oI 6 mm diameter wells

were cut at B mm spacing around a central well (l mm in dÍameter). The

wells were filled with either f0 É (3 mm wells) or 2O Ul (6 mm wells)

ofl the various antigen and antibody solutions. After incubation aL 37o

for 48 hr the plates were washed and stained.

2.L3.1 Stai cedure (for Ouchterlony and immunoelectrophoresis

plates) .

The glass plates were placed for L2 min in an aqueous solution

of 45% ethanol/lO% acetic acid containing 0.005% w/v Coomassie

Brilliant BIue R-25O dye. Destaining was achieved by rinsing the

plates for 5 - I0 min in several changes of an aqueous solution of 45%

ethanol/I0% acetic acid.

2.L4. Vertebrate ceII culture.

2.L4.L Mouse macrop haoe monolayers.

Peritoneal. exudate cells were collected from outbied LACA mice

by the method of Rowley and fVhitby (L959) and placed in siliconized

tubes. The cells were washed once with L99 medium supplemented with

foetal calf serum (MI99-FCS) at a final concentration of IO% and

resuspended to give approximately 3 x 106 cells/m1 in the same

mediun. To Leighton tubes containing a flying coverslip was added I mI

of the cell suspension. The tubes were incubated overnight aI 37o to

allow the cells to spread. The cells were then washed with MI99-FCS

and used for in vitro assays.
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2.L4.2 Sensitisation of erythrocytes.

Erythrocytes were sensitised by mixing an equal volume of

dialysed haemolymph or solutions of the agglutinins to be tested, at

the required dil-ution, with a suspension ofl washed erythrocytes (L%

(v/v) in saline). The suspensions were incubated at 37o for l0 min.

The cells were then washed in saline and resuspended in MÌ99-FCS for

use in adhesion or phagocytosis assays. Unsensitised erythrocytes used

as controls in these experiments were similarly incubated as a O.5%

(v/v) suspension in saline aL 37o for 30 min, washed and resuspended in

M199-FCS.

2.L4.f Adhesion of erythqocytqs to macrophage monolayers.

To washed monolayers were added 1.5 x IOB erythrocytes, either

sensitised or unsensitised, in I ml of M199-FCS. The monolayers were

then incubated overnight at 40. After incubation the coverslips were

removed, rinsed in MI99-FCS and finally in saline. Cells attached to

the coverslips were fixed in methanol and stained with Viright's stain.

For each slide, macrophages visible in three to five fields (depending

on cell density) chosen at random (mag 600x) were scored for the number

of erythrocytes adhering to each cell.

2.L4.4 In vitro phagocytosis assay.

A I mL suspension in Ì,,1I99-FCS of Cr5l-labelled sheep

erythrocytes (I.¡ x tOB cells/ml), either sensitised or unsensitised,

r¿Jas added to spread and washed mouse macrophage monolayers. The

monolayers were incubated for I hr at 40 to allow adhesion of

erythrocytes to the macrophages. They were then transferred Lo 37o for

a specified time, ranging flrom 0 - I20 min. Aflter incubation aL 37o,

the coverslips were removed, washed in saline and inmersed in
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Tri-s-NHOCI solution for 10 min at room temperature. This procedure

(eoyte, 1968) Iysed those erythrocytes not ingested by the

macrophages. The Tris-NHOCI was prepared by adding 9 vol of O.B3%

aqueous ammonium chloride to I vol of 0.18 M Tris-HCI buffler, pH 7.2.

The coverslips were finally washed three times in saline and the

radioactivity associated with each coverslip was measured in a Packard

Auto Gamma Spectrometer.

2.15 Radiolabellinq ervthrocytes.

A LO% (v/v) suspension of washed erythrocytes was centrifuged

and the cells were resuspended in saline such that on addition ol

Cr5I (NarCr0rr, Radiochemical Centre, Ametsham, England), the

final concentration of erythrocytes was 50% (v/v). Qne hundred

microcuries of Cr5I were added per 7.5 x 109 cells. The cells and

Cr5I label were vortexed to ensure thorough mixing then incubated at

77o for tO min. The Labelled cells were washed twice with I0 ml of

saline and resuspended to a final concentration of 2% (v/v) in saline.

2.L6

mice.

Clearance of radiolabelled ery throcytes from the circulation of

gutbred LACA mice were injected intravenously (in the tail vein)

with 0.2 mL of a 2% (v/v) suspension in saline of cr51-Iabelled sheep

erythrocytes. At 1, 2, 5, I0 and L5 min after injection, 0.I mI of

blood was collected from each mouse from the retro-orbital sinus using

a calibrated capillary tube. Each blood sample was aslayed for

radioactivity using a Packard Auto Ganma Spectrometer. The rate of

elimination of sheep erythrocytes from the circulation followed an

exponential curve where the phagocytic index K was given by -
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IoglO C1 - Ioglg C2 orloglgC=KT+a
T2 I

where Ct and CZ are the radioactivity levels expressed as

counts ,/ min at times Tt and TZ (Benaceraf et âI., L959) and a is

the intercept on the y-axis.

Mice were blockaded by injecting 0.2 nL of a I0% (v/v) suspension

of unlabelled sheep erythrocytes intravenously (in the tail vein).

After 20 min the mice were challenged wlth 0.2 mt of 2% Cr5l-l"b"llrd

sheep erythrocytes and the fate of the challenge dose was followed as

described above.

When mouse erythrocytes were used Ín this assay, the cells were

maintained in a buffered salt s-olution isotonic with mouse serum

throughout the labelling and injection procedure. lul¡use salt solution

consisted of 0.168 M NaCl buffered with 0.02 M HEPES to pH 7.4.

2.17 Solutions for handli B. Ieachii es.

2.L7.L b lloides salt solution (BSS)

The concentration of major cations in B. Ieachii haemolymph was

calculated by dialysing a known volwe of haemolymph against a known

volume of deionised distilled water for 24 hr at 40 and then measuring

the concentrations of the cations in the external water phase using an

absorption spectrophotometer. The osmolarity (lrI90 mOs) of haemolymph

was measured with an osmometer. The concentration of the major catims

in the final solution equalled that calculated for haemolymph while the

anions were chosen such the osmolarity of haemolymph was maintained.

The final solution consisted of :- ,t."

T



Group A 556.5 mM NaCI

16.4 mM KCI

1I.l mM CaCl
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Group B 46 mM MgSOO

f0 mM MgCJ.,

Group A and group

precipitation but on

above. The solution

salt), sterilised by

stored at -20o.

2

B salts were dissolved separately to avoid

mixÍng their final concentrations were as given

was buffered at pH l.O with 20 mM HEPES (sodium

millipore filtration using a 0.45 u filter and

2.L7.2 Botry lloides ceII culture medium (BCCM).

The cult,ure medium was a of that used by Warr

haemocytes. Dulbecco's

modification

stoloniferaet al. (1977) for culturing Pyura

modified Eagles medium (DME) vvas used as a nutrient source with extra

salts being added to adjust the osmolarity to that of B. Ieachii

haemolymph. Stock solutions were sterilised by millipore filtration

and stored at -20o.

Stock solution I: L3.45 g DME powder dissolved in 2OO mI distilled

water and stored in 20 mI aliquots (5x concentrated).

Stock soLution 2: Ingredients Amount

Solution A NaCI L3.67 g

KCI O.4L2 g

CaCLr.ZHrO O.72L g

dissolved Ln L25 ml of distilled water

Sotution B MgSOO.7H2O 5.57 g

t"lgCLr.6HrO 7.O5 g

dissolved Ln L25 mI of distilled water

Solutions A and B were mixed to give a flinal volune of 250 mI.

solution 2 was stored in 50 mI aliquots.

Stock
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Botryì.Ioides culture medium was made by mixing:-

20 mI stock solution I

50 mI stock solution 2

26 nL double distilled water (autoclaved)

2 mI 200 mM f--Ctut"tin"

2 nL I M HEPES buffer (pH 7.0)

40,000 units of Benzylpenicillin Sodium BP (Crystapen)

0.2 ml 200 mg/ml Streptomycin Sulphate BP

0.15 ml of L% 2-mercaptoethanol (final concentration of

¡ x 1o-5 t"t).

The glutamine and HEPES solutions wele made up in 20 ml aJ-iquots,

miltipore-filtered and stored at 40 until required.

2.I8. B. Ieachii haemoc e culture.

2.IB.I Prepara tion of coverslips for cell cul-ture.

Glass coverslips (Il mm in diameter) were cl-eaned by soaking for

j0 min in a I% solution of 7X Cleaning Solution (Linbro) heated to 78o

in a water bath. They were then rinsed five times in distilled water,

dried and autoclaved. One coverslip was placed in each L.7 x I.6 cm

well (capacity 1.5 ml) of a 24-welt plate for tissue culture (Linbro).

2.I8.2 Haemocy te monolayers.

Haemolymph was collected into siliconised tubes on ice. The

cells were washed twice in BSS by centrifuging at I50 g for 5 min at 40

and gently resuspending. The cells were linally resuspended in BCCM

and I x 106 cells in 0.6 mI of BCCM were added to wells containing a

prepared coverslip. These cells were incubated I hr at 40 to allow

adhesion, then the coverslips were removed, washed in BSS and placed

for experimentation in fresh wells containing I mI of BCCM. Every type
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of cell found in haemolymph seemed to adhere to the glass coverslip and

although the total number of cells adhering varied depending on the

colony from which haemolymph was collected, on avelage 75 - 80% of the

cells added would adhere.

2.I8.f Adherence of sheep erythrocy tes to ascidian haemocvtes.

To washed haemocyte monolayers in I mI of BCCM were added

I x LO7 washed sheep erythrocytes. The monolayers were incubated for

Ì hr at 40 after which time the coverslips with their adherent cells

were washed twice in BSS. The cells wele then fixed in 2.5%

gluteraldehyde in BSS for at least 30 min at loom temperature,

folJ-owing which they were washed and stained with Wright's stain.

2.L9 Production of antisera.

Antisera, raised in rabbits- against purified 9.. leachii ffi-2,

HA-l or LBP-I and various othe¡ purified proteins, were generously

donated by Dr P.L. Ey. They wele prepared by emulsifying antigen

(adsorbed to alumina Cy gel [Calbiocnem-BehringJ) with a mixture of

Span 85 detergent (Koch-Light t-ab) and parafin oil (BDH) according to

the method of franåX ô( åimek (I97f). Each rabbit was injected

subcutaneously aL 6 - I sites wilh 0.1 - 0.5 mg of antigèn in a total

volume of about 2 nL. A second, identical dose was given 4 weeks after

the first and booster injections at 2 - f month intervals thereafter.

The animals wele bled at regular intervals (2 - 3 weeks), commencing

about 2 weeks after the second immunisation. The sera from different

bleeds were pooled, sodium azide was added to a final concentration of

]% and the sera was stored at 40.
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2.20 Purification of rabbit IgG.

The IgG inmunoglobulins used for immunofluorescent studies and

in erythrocyte adhesi-on assays were isolated from rabbit antisera by

the method of Steinbuch and. Audran (1969).

2. 2l Immunofluorescence.

2.2I.I Fluorescein isothiocyanate (FITC) Iabelling of agglutinins and

rgG.

This lvas performed using a modification ol the method of

Rinderknecht (1962). Each protein was diluted to 2 mg/ml in 0.1 M

carbonate buffer (pH 9.0) and mixed with Fluorescein isothiocyanate

(f0%) on celite (FITC-celite) (Calbiochem, La Jolla, CaJ-ifornia), 2 ng

of FlTC-celite being added per millilitre of protein solution. The

mixture was stirred magnetically in the dark for 2 hr at room

temperature. It was then centrifluged (I,200 g for 7 min) and the

supernatant immediately chromatographed on a colurnn of Sephadex G-25

(18 cm x 2.5 cm) equil-ibrated with PBS containing O.O5% sodium azide.

The labelled protein eluted in the void volume, whiJ-e free FlTC-celite

bound to the gel. The B. leachii HA-2 agglutinin was labelled in the

presence of 50 mM lactose to protect the binding site against

inactivation. Labelling efficiencies were determined by the flormula

(Hudson & Hay, 1980):-

2.87 x 0D495 nm
Fluorescein : Protein ratio =

oDzeo - 0.f5 x 0D 495 nnnm

Fractions having a Fluorescein : protein ratio above 4 were pooJ"ed for

use in immunofluorescence assays.

Two hundred microlitres of Oi M ethanolamine (pH 9.0) and 0.5 ml of

O.25 M Trisåuffer (pH 6.8) were added to the labelled protein before
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chromatography on sephadex G-25 in pBS-azide containing 0.r M lactose.

2.2L.2 Fixation of cells for immunofluorescence.

The method used

Koepler (L979). Paraformardehyde (2.5% w/v) was dissorved in BSS by

incubating at 600 overnight. The resulting clear solution were kept at

40. Ascidian haemocyte monolayers were incubated at 40 for f0 min with

0.5 mI of the 2.5/o paraformaldehyde solution for fixation. They were

then washed with BSS and incubated in 0.5 ml of 0.2 M grycine in BSS,

during the 60 min incubation at room temperature the glycine was changed

three times. The glycine reacted with free aldehyde groups remaining

after fixation and so markedly reduced the level of background

fluorescence. The coverslips were finally washed with BSS and immersed

in 0.5 ml ofl a l:I0 dilution Ín BCCM of the appropriate

fluorescein-labelled molecuLe for labelling.

2.2I.f Fixation of fluorescent labelled cells.

After being incubated with the fluorescent proteins, the

monolayers of B. leachii haemocytes were washed three times in fresh

10 ml alÍquots of BSS and then imrnersed in 0.5 ml of 2.5%

paraformaldehyde/BSS for 3o min at 40. They were then washed and

mounted in BSS for observation.



Chapter 3.

A COMPARISON OF THE HAEI',IAGGLUTININS FROM A VARIETY OF ASCIDIANS WITH

TFE I-TAEMAGGLUTININS FROM Botrylloides leachii.
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f.l Introduction.

Although the presence of haemaggJ.utinins in the haemolymph of a

variety of inverteorate species has been known for some time (Table l.I

and Ey & Jenkin, L9B2), very little is understood about the function of

these molecules. Two functions for invertebrate haemagglutinins have

been suggested, an opsonic function (Boyden, L966) and a nutritional

function (Uhlenbruck & Steinhausen, I97l). The notion tfnt

haemagglutinins have an opsonic role has been embraced by a number of

workers (see Chapter l, Section L.3.4) however the supporting evidence

has been J.argely circumstantial. The work of Renwrantz and his

collegues (Renwrantz eL â1., I98I) is exceptional in that they

presented good evidence to support an opsonic function for an

aggtutinin from Helix pomatia (a detailed discussion is presented in

Chapler I, Section I.3.4). In view of this finding and in the absence

of any-evidence to support an alternative role for these molecules, the

idea that haemagglutinins found within the haemolymph of protochordates

may also function as opsonins was pursued.

t{hen this study was initiated, haemagglutinins had been detected

in a nurnber of ascidians (tyler, L946; Uhlenbruck et al., L97O; Fuke &

Sugai, L912; Bretting & Renwrantz, L973; Renwrantz & Uhlenbruck, 1974;

Wright , L974; Anderson & Good, I975; Parrinello & Patricolo, L975;

Wright & Cooper, L975; Form et al. , 1979). However, information about

the structure of these molecul-es and in particular their binding site

specificities was very limited. It seemed reasonable to expect that a

greater understanding of the structure of the haemagglutinins might

shed light not only on the functional capacities of these molecules but

also provide information as to their evolution, such as has been shown

by studies on other proteins (e.9. ßr-microglobulin: Shalev et aI.,

19Sf). It is possible that the structure of a recognition molecuLe
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would have been conserved throughout the evolution of the Ascidiacea in

much the same way as the basic structure of antibody has been conserved

within the vertebrate classes (review: MarchaJ-onis, L977). For this

reason it was of inte¡est to determine the distribution ofl

haemaggJ-utinins within the Ascidiacea and to obtain some idea of the

structural variations of these molecules. To determine whether or not

they are opsonins would, nevertheless, require further experimentation.

My early work suggested that B. Ieachii haemolymph contained two

agglutinins, one specific for guinea pig erythrocytes and the other

binding to a variety of vertebrate erythrocytes. This result led to

the characterisation and purification ofl these two agglutinins, termed

HA-I and HA-z respectively, and a third protein, Lactose Binding

Protein Three (LBP-I), in a concurrent study by Sam Schluter (Schluter

et âf., 198J.; Schluter, L9B2). The binding activity of the HA-l

molecule (mol. wt. 152,000) was shown to be calcium-dependent, specific

for guinea pig erythrocytes and inhibited by lactose, meJ.ibiose,

D-galactose and D-fucose with similar eflficiency. The NA-2 molecule

agglutinated erythrocytes from a variety of vertebrate species without

requiring divalent cations for activity and had considerably greater

affinity for Iactose than flor any other sugar examined. Its mo.l-ecular

weight was 65,000. The third protein, LBP-f, had an apparently

identical specificity to the HA-l agglutinin although it onJ-y weakly

agglutinated guinea pig erythrocyted. The HA-I agglutinin and LBP-I

co-purified during affinity chromatography but could be separated by

chromatography on Sephacryl 5-100 in the presence of a chelating agent

(Schluter, L9B2).

In view of the possibiJ.ity that one or more of these agglutinins

act as recognition molecules for phagocytes in B. leachii And because
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there was a lack of rigorous data concerning agglutinins in other

ascidian species, it was decided to investigate whether agglutinins of

a similar structure or specificily were common among the Ascidiacea.

Accordingly, a detailed comparative study of the haemagglutinating

activity of haemolymph from a variety of ascidian species was

undertaken.

3.2 The haemaqq lutinins found in the haemolymph of a nurnber of ascidian

species.

Ascidian specimens were col-lected using SCUBA from a variety of

locations around the South Australian coast and were either bled for

haemolymph or fixed in salt water buffered formalin for identification

(Uetfiods given in Chapter 2, Section 2.4 & 2.3). Species were chosen

from as many of the major families within the three orders of the

Ascidiacea as was possible, so that the haemagglutinating activity of

haemolymph from closely related and phylogenetical.Iy distinct species

could be compared (fiq l.I). The haemolymph samples were titrated

against sheep, mouse, guinea Pig' tortoise Chelodina longicolis) and

trout erythrocytes (aII O.5% v/v in saline) using diluents both

supplemented with oI devoÍd of Ca++ and Mg** ions (TSA plus

5 mM CaCl, and 5 mM MgCIr, or 0.Il M trisodium citrate

respectively). These results are presented in Table f.I.

Haemagglutinins were found in most but not all ofl the haemolymph

samples examined and considerable variations in titre were recorded for

the positive samples. Aplidium australiensis haemolymph, for example,

agglutinated all cetl types and did not require Ca++ or Mg** ions

for activity, while haemolymph from Didemnum patulum (an ascidian

beronging to the same order) agglutinated only sheep and mouse

erythrocytes. In addition, divalent cations were required by the
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subfamilies of the Urochordata (after Miller, 1966). The

Chapter 3 belong to the groups designated (*).

Proposed phylogenelic relationships between the lamilies and large

species investigated in
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TABLE ].I

Classification Species

APLoUSOBRAl'CHIA
Didemnidae

Aggrutination titres of the haemplymph of a variety of ascidians

Type of erythrocyte

Sheep Mouse Guinea pig Trout

Polyclinidae
Clavelinidae

(HoJ.ozoinae)

( Clavelininae)
PHLEBOBRAÌ\CHIATA
Ascidiidae

Cionidae

STOLIDOBRANCHIATA "
Pyuridae

Styelidae
( Botryllinae)

( Styelinae)

Didemnum oatulum
ljlpl-rsoma sp.

Aplidium australiensis

Svcozoa tenuicaulis
Atapozoa fantasiana
lõd-óEiã=laveTlãlffiTrica

L6(2)
8(8)

32(32)

0
4(2)
0

2(2)
2(2)

2(2)

B(8)
4(8)
0

16( 4)
2(2)

32(32)
o?(64)

r28(64)

0
4(2)
0

64(64)
0

32(32)
64(4)
0
2(2)

64(64)
2(2)

0
2( 0)

r28(r28)

0
4(2)
0

0
0
2( 0)

5L2(2)
0

l2,800( t28)
4(4)

25,600(32)
r28(8)

0
0

32(32)
2(2)

0
4(2)

16(r6)

0
8(2)
0

0
2(2)

0

64(64)
0

16( r6)
t2(32)

0
0
2(2)
0

Tortoise

0
4(0)
0

0
0

16(16)

Phall-usia despressiuscula
psonr

Ciona intestinalis

Microcosmus nichollsi
ura r
ura ]-

ocyn a
Herdmania momus

Botr l-loides
ry ES

EbtrylJ.us sp.
Cnemidocarpa etherid

Leachii

-

maqn]-coecus

unc a

EaplTE-ta

4(
0

0

44 () 4
0

0

)02(
0
0
0
0

o)
2)
0)
B)
2)

) 0
0

0

0
0
0
0
0

4
2

32
I
2

(
(
(
(
(

64(64)
2(2)

32(32)
4(4)
0
2(2)
4(4)
2(2)

16( r6)
0
0
0
0
0
0
0

PoJ-ycarpaPõ@
Polvcaroa
SloLonica

o

( Polyzoinae) austral-is



* Agglutination lvas as.sessed by mixing two-fold serial dilutions of each haemolymph sample with an equal volume
(50 Ul) of a 0.5% erythrocyte suspension. The diluent was either TSA containing 5 mM CaCl2 and 5 mM MgCI2

or g.tl M trisodium citrate. Reciprocal titres are given. The titres in parentheses were obtained using
cítrate as the diluent.
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9. patulum agglutinin(s) for activity with sheep erythrocytes.

Variations in titre were particularly apparent within the

Stolidobranchiata. Very high titres were recorded when haemolymph lrom

both BotrylJ-oides leachii or Botryllus sp. were titrated against guinea

piq erythrocytes in the presence of Ca++ and Mg** ions, although

haemolymph from a specimen of 'Botryl]oides maqnicoecus exhibited

little activity against

Cnemidocarpa etheridgii haemolymph aLso required Ca++ and/or Mg**

for activity with guinea pig erythrocytes but both exhibited much lower

titres. In contrast, divalent cations were necessary for C . etheridgii

haemolymph to agglutinate both mouse guinea pig erythrocytes but not

trout erythrocytes.

As the first step in assessing whether similaritÍes exist

between the HA-t or HA-2 molecules from q. leachii and the

haemagglutinins from these other species, the specificities of the more

active samples were examined by testing the inhibitory effects of a

nu¡nber ofl sugars. Lactose, D-galactose, sucrose, D-arabinose and

melibiose were chosen to enable the detection of molecules with

specificities similar to the q. leachii agglutinins (see Schluter

et al., lg8l). Each sugar was tested at a final concentration of 67 nM.

Marked differences in the sensitivity of the various

haemaggJ-utinins to the sugars were observed (taOte 3.2). Within the

Styelidae,

Polycarpa

for example, the Cnemidocarpa etheridqii and the

papillata haemagglutinins showed no inhibition with any of

the sugars while the activity of haemolymph from Botryllus sp. was

markedly inhibited' by a number of sugars. Moreover, the pattern of

inhibition by lactose, D-galactose, melibiose, D-arabinose and sucrose

obtained with the Botryllus sp. haemolymph, titlated against guinea pig

any cell type. Hafgcyn![þ hispida

very

and

erythrocytes in the presence ofl divalent cations, was virtually



f ABLE 3;2 The binding specificity of haemagglutinins from a variety of ascidians .

Type of erythrocyte

Species Sheep l'4ouse Trout Tortoise

Didemum patulum

Guinea
plus Ca++,Mg**

prg
citrate

Diplosoma sp.

Aolidium austraLiensis

Microcosmus nichollsi
Pyura irreqularÍs
Halocynthia hispida

Botrylloides leachii

Botryllus sp.

Cnemidocarpa edtheridqii
Polycarpa papillata

Nr (16)

NI (8)

Nr (12)

L,M <4 (8)

Nr (16)

Nr (32)

Nr (64)

all < 4 (32)

Nr (64)

Nr (64)

L¡A'M = l¡
(r6)

Nr (32)

L=4(16) ¿=32 (I2B) L=32(128)

L < 4 (128)4M

6)
L, G,

(1
L=2(64) L=2(64) L<4(64)

L,S = 64;
c = 128 (5L2)

L,G,M < 2OO;
A = 1600;

S = 61100 (f2800)

L,G,M < 2OO;
A = J_600;

s = 12800 (25600)

Nr (128)

Nr (32)

L,G,M < 4;
( 16)

<4;
4 (32)

L'G
M-

L,G < 4;
1"1 = 4 (32)

NI (8)



* To assess binding specificity titrations were performed in diLuents containing D-arabinose (A), D-glalactose,
Iactose (L). melibiose (M), or sucrose (S). The final concentration of all sugars was 67 mM. The dil_uents
were TSA supplemented with 5 mM CaCI2 and 5 mM MgCI2 or 0.13 M trisodium citrafe. The sugar inhibitionpattems obtained for the agglutination of guineã pig erythrocytes are shown with both diiuents. Theinhibition patterns obtained with the other-erythrocyte types ä:.0 not differ with the dj-Iuent used; the results
shown were obtained using TSA, k++,Mg++ diluent. Inhibiting sugars and reciprocal titres are shown.

NI = l',lot inhibited

The control titres, i.e. without sugar are given in parentheses.
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identical to that observed with B. leachii haemolymph. The

BotrylLus sp. haemolymph, Iike that of q. leachii, also appeared to

contaj-n two agglutinins. The aggJ-utinins in the haemolymph of

Halocynthia hispida, an ascidian beJ-onging to the Pyuridae and so more

distantly related to B

specificities. The Ca++ oi Mg** ion-dependent agglutination of

guinea pig erythrocytes with haemolymph from this species was inhibited

equally well- by lactose and sucrose and to a lesser degree by

D-galactose, while the agglutination of sheep erythrocytes was not

inhibited by any of the sugars tested. Haemolymph from

Aplidium australiensis contained agglutinins sensitive to yet another

combination of sugars. From these results, it was clear that a variety

of agglutinins occurs in the haemolymph of many different ascidians.

3.3 Sephacryl 5-200 fractionations.

In order to resolve agglutinins of different size in the

haemolymph from a particular ascidian and to estimate the molecular

weights of these agglutinins, haemolymph samples containing 0.05 M

gaJ.actose and 0.I M glucose were subjected to chromatography on a

column of Sephacryl 5-200 (see ChapLer 2, Section 2.I0.I).

3.3.L The fractionation of Botryllus sp. haemolymph.

BotrylJ-us sp. haemolymph was concentrated 8-fold by

ultrafiltration against a PM I0 membrane. The sheep erythrocyte

agglutinin titre of the concentrated sample was 12256. An 8 ml sample

of haemolymph containing 0.05 M galactose and 0.1 M glucose was applied

to the Sephacryl 5-200 column, which was eluted at 40 with TSA

containing 0.05 M galactose, 0.1 M glucose and an additional O.52 M

NaCI. The fraclions from this and all subsequent fractionations using



FIGURE 3.2 Chromatography of Botryllus sp. haemolymph on

Sephacryl 5-200.

Sample: I mI concentrated haemolymph (sheep erythrocyte agglutinating

titre L:256) containing dissolved gal.actose (O.O¡ M) and glucose

(0.I M). Eluent: TSA containing 0.05 M galactose, 0.1 M glucose and an

additionaL O.52 M NaCl. Flow rate: 23 ml/hr. Temperature: 40.

Fraction size: 5.7 ml. Fractions were diluted l:5 in distilled water

and titrated for haemagglutinating activity in 0.11 M trisodium citrate

(sheep erythrocytes, tr ; guinea pig erythrocytes, A ) or TSA containing

5 mM C-aCI2 and 5 mM MgCI, (guinea pig erythrocytes, o ) . The

erution positions of blue dextran (Vo), mouse rgGr (rgc) and bovine

serum albumin (BSA) and the bed volume of the col-umn (Vt) are shown.

The arrows indicate a titre of less than 1:4.
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this buffer were diluted I:5 in distilled water to restore their

tonicity to that of physiological saline. They were then tested for

aggJ-utinating activity with guinea pig and sheep erythrocytes (O.5% v/v

in saline). Both 0.11 M trisodium citrate and TSA/ca++-Mg++ were

used as diluents

The results (fig 3.2) indicated that there were at least two

agglutinins within the Elot IIus sp. haemolymph. One agglutinin had an

apparent size greater than that of IgG (mol. wt. = I50'000) and

agglutinated guinea pig erythrocytes specifically, but only in the

presence ofl Ca++ and Mg** ions. The aggtutinin(s) Ín the second

peak agglutinated both guinea pig and sheep erythrocytes and exhibited

no dependence on divalent cations. Their size appeared to be similar

to that of BSA (mol,. wt. = 67'000). These apparent molecul-ar weights

for the Botryllus sp. agglutinins correspond to those of the B. leachii

l-lA-l and HA-2 agglutinins (Schluter et aI., lgBI; Schlutet, L982).

3.t.2 The fractionation of Pol car il-lata haemol h.

Eight millilitres of PoIycarpa papillata haemolymph, PreviouslY

concentrated 4-fo1d to give a guinea pig erythrocyte agglutinating

titre of L2256, was chromatographed on the Sephacryl 5-200 colt-mn. The

fractions were titrated in both citrate oI TSA/Cd++-Mg++ to

determine their agglutinating activity with mouse and guinea pig

erythrocytes.

The results (fig 3.3) suggested that two haemagglutinins were

present in the haemolymph. Both activities eluted almost

coincidentally (peak f,ractions z 25-27), consistent with agglutinins

having a size neal the exclusion limit of the gel (approx. 400'm0

mot. wt.). However they could be distinguished by their divalent

cation requirements: the titre of fraction 26 against guinea pig



FIGURE 3.3 Chromatography of Polycarpa papillata haemoL ymph on

Sephacryl 5-200.

Sample: I ml concentrated haemolymph (guinea pig erythrocyte agglutinin

titre in citrate diluent, L2256) containing 0.05 M galactose and 0.I M

glucose. Eluent: TSA supplemented with 0.05 M galactose, 0.1 M glucose

and O.52 M NaCI. Flow rate: L7 mllhr. Temperaturez 40. Fraction

size: 5.6 ml. Fractions were diluted I:5 in distilLed water and

titrated for agglutinating activity in 0.lf M trisodium citrate (mor.se

erythrocytes, tr; guinea pig erythrocytes, r ) or TSA containing 5 mM

Caü., and 5 mM MgCI, (guinea pig erythrocytes, o). The elution

positions of blue dextran (Vo) and mouse IgGl (IqG) and the bed volme

of the column (Vt) are shown. The arrows indicate a titre of less than

Lz4.
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erythrocytes was 2-rr in ca**-Mg** diluent but only 2-4 in

citrate diluent, whereas the titre against mouse erythrocytes was the

same in both diluents. The detection of a divalent cation dependent

agglutinin that was very 
,.active 

with guinea pig erythrocytes was

unexpected, for there had been no suggestion ofl such an activity in the

unfractionated haemolymph (taO]e 1.1) .

AlLhough fraction 26 contained the peak of both activities, the

inhibitory effects of sugars on each activity could be measured

independently by performing the assay in diluent containing citrate or

Ca*+ & Mg** ions. As before (Tab1e 3.2), Iactose, D-galactose,

sucrose, D-arabinose and melibiose were each tested at a final

concentration of 67 mM. The two activities (agglutination of guinea

pig and mouse cells Ín the absence of Ca**-Mg** and of guinea pig

cel-ls in the presence of Ca**-Mg**) appeared to have different

specificities. The sugar specificity of the peak fraction when tested

against guinea pig,/mouse erythrocytes in citrate (i.e. in the absence

of Ca+* and Mg** ions) resembled that of the agglutinin originally

detected in unfractionated haemolymph (Table 3.2), i.e. none of the

sugars tested caused any inhibition of agglutination. However, when

Ca++ and Mg** ions were included in the diluent the pattern of

agglutinating activity against guinea pig erythrocytes was markedly

similar to that observed with the HA-l agglutinin from B. Ieachii

haemolymph (Table 3.3) .

3.3.3 The fractionation of Cnemidoca a etheri ii haemol

A fresh sample of C. etheridgii haemolymph was collected from

Edithburgh, South Australia. The guinea pig erythrocyte agglutinating

titre of this sample was L:5L2 when titrated in Ca++-Mg++ diluent,

but the titre against mouse erythrocytes, in contrast to that obtained



TABI-E l;f

Sugar
tested
(67 mM)

Nlone
(control)
Lactose

D-gaJ-actose

Sucrose

D-arabinose

l*4elibiose

2,OOO ( < 1)

2,000 ( <1)

128,000 (50)

16,0oo (6)

2,ooo ( <1)

20 ( <l)
20 ( <l)

8oo (42)

24O (r2.5)
20 (l)

20 ( <25)

20 ( <25)

80 (1oo)

20 ( <25)

20 ( <25)

The effect of different sugars on the activity ofl the Ca**-dependent haemagglutinins to

guinea pig erythrocytes of different ascidians.

Ascidians from which agglutinin* was obtained

Botryllus sp. P. papillata C. etheridgii H. hispida 9. leachiiS

256,000 (l,oo) r92o (too) 80 (roo) 2,48Q (too) l2,8oo (1oo)

160

L,24O

I60
I,24O

2r4BO

( 6.5)
(50)

(6.5)

(50)

G00)

2OO ( <1.5)

2oo ( <t.5)
6,400 (50)

I,600 (I2.5)
200 ( <t.5)

* The samples tested were fractions obtained by SephacryÌ 5-200 fractionation of haemoJ.ymph.
AggJ.utination was assessed by mixing 2-fold serial dilutions of the agglutinins with an equal volr.me
(25 UI) of 0.271,1 sugar and then adding 50 ul of a 0.5% erythrocyte suspension to each welI. The
diluent was TSA containing 5 mM CaCl-2 pJ.us 5 mM MgCJ,2. Titres are expressed as the greatest
dilution producing complete agglutination. Reciprocal titrejs are shown.

S Unfractionated haemolymph.

f The figures in parentheses are the haemagglutinating activity as a % of the control.
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previously (l:64; Table 3.L) was only l:4. This difference may have

been due to the presence of dj-stinct agglutinins against each cell type

or merely to differences in the erythrocytes used on each occasion. An

B ml sample of this haemolymph was chromatographed on the Sephacryl

5-200 coLumn and the fractions were tested for haemagglutinating

activity against guinea pig erythrocytes in Ca+*-Mg++ diluent. A

single peak of agglutinating activity was detected (Fig 3.4). The

position of, the peak suggested that the agglutinin had a molecul-ar

weight of 200,000-400,000. The activity of the peak fraction with

various sugars was examined. Lactose, D-galactose, D-arabibose and

meLibiose, at a final concentration of 67 mM, all reduced the titre by

at teast f wells, whereas sucrose at the same concentration had no

effect (Table 3.3).

This sample of C.

the one examined previously (see Tables 3.L ð( t.2) not only in

exhibiting a very low titre for mouse erythrocytes but also in

possessing a guinea pig erythrocyte agglutinin having a diflferent sugar

specificity profile. It should be noted that the sample ofl haemolymph

examined in TabIes 3.L &. 3.2'and the sample analysed by chromatography

(fig 3.4) were collected from two separate locations, Rapid Bay

(lf8o llr E, 35o 3L' S) and Edithburgh (L7lo 45t E,'t5o 5t S)

respectively. It appears that the concentration of the agglutinins in

the haemolymph varied from locality to locality. A similar variation

in the agglutinating titre has also been recorded for B. leachii

haemolymph (see Chapter 4,

etheridqii haemol ymph differed therefore from

(data not shown).

Section 4.2) and Ebtryllus sp. haemolymph



FIGURE ].4 Chromatography of Cnemidocarpa editherid gii haemolymph on

Sephacryl 5-200.

Sample: I ml of haemolymph (guinea pig erythrocyte agglutinin titre,

Iz5L2) with galactose and glucose added to con".ntrations of 0.05 M and

0.1 M respectively. Eluent buffer: TSA supplemented with 0.05 M

galactose, 0.1 M glucose and O.52 M NaCl. FLow rate: 19 ml/hr.

Temperature: 40. Fraction size: 5.4 ml. Fractions were diluted 1:5 in

distilled water and tested flor agglutÍnating activity with guinea pig

erythrocytes using TSA containing 5 mM CaCl, and 5 mM MqCI, as the

diluent. The elution positions of blue dextran (Vo) and mouse IgGl

(lgC) and the bed volume ofl the column (Vt) are shown. The arrows

indicate a titre of less than l:8.
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3.3.4 The fractionation of Halocvnthia hisoida and Aplidium

australiensis haemolymph.

The fractionations described to date were performed on samples

of haemolymph collected from ascidians within the family Styelidae, to

which B. leachii beJ-ongs. To obtain further comparative data, samples

ofl haemolymph from the ascidians Halocynthia hispida and Aplidium

australiensis which belong to the families Pyuridae and Polyclinidae

respectively, were chromatographed on Sephacryl 5-200.

Although the A. australiensis haemolymph had a reasonable titre

with guinea pig erythrocytes (l-:I28), no agglutinating activity couJ.d

be detected in any of the column fractions. It is possible that the

agglutinin trtas very unstable when separated from other components of

the haemolymph. Alternatively, it may have adhered to the column.

The fractionation of U. hispida haemolymph proved more

successful. A sample ofl  -fold concentrated haemolymph with a guinea

pig aggJ.utinating titre dependent on divalent cations of l:2000 was

Ioaded onto the Sephacryl column. Haemagglutination assays on the

fractions, using guinea pig erythrocytes and Ca**-Mg+* diluent,

revealed a single peak of aggJ-utinating activity (Fig 1.5) which eluted

before mouse IgG in a position similar to that obtained with the

divalent catj.on-dependent guinea pig erythrocyte aggtutinins identified

in the haemolymph of the styelid ascidians (Table 3.3). However, the

results of the sugar inhibition experiments performed with this

agglutinin differed from the others in two ways. Firstly, sucrose was

as effective an inhibitor as lactose and secondly, the inhibitory

capacity of D-galactose was only marginal (Table 7.t). In all other

respects the !. hispida agglutinin resembled the divalent

cationldependent guinea pig erythrocyte agglutinins obtained from the

three styeJ-id ascidians.



FIGURE 3.5 Chromatography of Halocynthia hispida haemolymph on

Sephacryl 5-200.

Sample: I ml of concentrated haemolymph (guinea pig erythrocyte

agglutinin titre, l:2000) containing 0.05 M galactose and 0.I M

glucose. Eluent buffer: TSA supplemented with 0.05 M galactose, O.t U

glucose and O.52 M NaCI. Flow rate: L7.5 m\lhr. Temperature: 40.

Fraction size: 4.6 nL. Fractions were diluted 1:5 in distilled water

and tested for agglutinating activity with guinea pig erythrocytes

using TSA containing 5 mM CaCL, and 5 mM MOCI, as the dil-uent. The

elution positions of blue dextran (Vo) and mouse IgGl (IgG) and the bed

volume of the column (Vt) are shown.
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3.4 Detailed com rison of the utinins from B. leachii and

Botryl-Ius sp.

It was ofl interest that B. leachii and the three styeJ-id

ascidians examined here aII possessed guinea pig erythrocyte

agglutinins that: 
''

(a) required divalent cations for activity,

(b) had a size consistent with a mol. wt. of 200,000-400,000 and

(c) exhibi-ted similar although not identical inhibition patterns

with the sugars tested (Table 3.3).

Moreover, the ascidian believed to be most closely related to

B. leachii, Ebtryllus sp. (fig 3.6) possessed an additional agglutinin

resembling the B. Ieachii l1A-2 molecule. Elecause of the apparent

similarities between the Botryllus sp. and the B. leachii agglutinins,

the properties of the Botryll-us sp. agglutinins were studied in greater

detail:

3.4.L Af finit fication of the Bo Ilus ins;

The purification procedures (described in detail in Chapter 2,

Section 2.l}) were based on those previously developed lor the

B. leachii agglutinins (Schluter, L?BZ). The l-lA-l and HA-2 agglutinins

from q. leachii were separated by utilising the common 'affinÍty of

these molecules for lactose and their different requirements for Ca++

ions. Because the Botryllus sp. agglutinins exhibited similar

properties it was anticipated that these molecules could be purified by

the same technique.

A column of acid-treated, lactose-substituted Sepharose 48 was

equilibrated with TSA containing 5 mM EDTA. Seventy five millilitres

of Botryllus sp. haemolymph (agglutinating titres: sheep erythrocytes =

Lz4O; guinea pig erythrocytes = l:25,600 in the presence of Cu**)



FIG.JRE t.6 Botryllus

Slenhouse Elay.

sp. growing subtidally on a pier piling at
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were first dialysed against 2.5 litres of TSA/EDTA and then passed down

the affinity colu¡nn. The column was washed with the TSA/EDTA buffer.

It was expected that under these conditions the sheep erythrocyte

agglutinin would adhere ,", the column, since it did not require

dival-ent cations for activity and that the effluent would contain all

ofl the Ca**-dependent guinea piq erythrocyte agglutinin. The sheep

erythrocyte agglutinin could then be recovered from the column by

elution with lactose.

Haemagglutination assays performed on the fractions indicated

that although the greater proportion of the sheep erythrocyte

agglutinin had bound to the column and was subsequently eluted by

lactose, a smalI proportion also appeared in the effluent haemolymph

(fig 3.7). The effluent fractions (+ 8-12) containing residual

agglutinin were therefore pooled and re-applied to the co.l-umn, which

was washed and the agglutinin eluted as before. 0n this occasion there

lvas no agglutinin in the effluent. AII the eluate fractions containing

purifi-ed agglutinin were pooled (71 mI) and retained for analysis.

After the sheep erythrocyte agglutinin had been eluted, the

column was equilibrated with TSA supplemented with 5 mM CaCIr. The

effluent haemolymph fractions from the EDTA washes were pooled (I20 mI)

and made 10 mM with respect to CaCl, before being appfied to the

coL.rnn. Although the guinea pig erythrocyte agglutinin could be

detected in the TSA/CaCL, wash (effluent), approximately 98% of

agglutinin had bound to the column and could be eluted with 10 rM

Iactose (rig :.e¡. '.

The coLumn was washed with TSA/EDTA to ensure that all ofl the

bound aggJ-utinin had been removed. It was lhen re-equilibrated with

TSA/CaCL, and loaded with those effluent fractions containing the

residual guinea pig erythrocyte agglutinin (flractions ll 4-2J, I20 mI).



FIGURE 3.7 Puriflication of Botryllus sp. haemagglutinins by affinity

chromatography on Lac-acid-Sepharose-Æ1.

Stage I: Isolation of the sheep erythrocyte agglutinin.

A 75 nI sampJ-e of haemolymph (agglutination titres: I:40 and Iz25rûO

with sheep and guinea pig erythrocytes respectivery) was dialysed

overnight against 2.5 L TSA pJ-us 5 mM EDTA (TSA/EDTA)and then applied

al 40 to the Lac-acid-sepharose col-umn (see chapter 2, section 2.LL)

which had been equilibrated with TSA/EDTA. The column was washed with

TSA/EDTA (2L mllhr) and bound material was eluted with TSA + 0.I M

l-actose. A second adsorption was then carried out. The column ùas

re-equilibrated with TSA/EDTA and fractions 8-L2 inclusive (totaL

vorume - 44 mr) were reappried, the column being washed as beflore.

Fraction sLze: 8.7 mI. Fractions were analysed without dialysis by

measuring absorbance at 280 nm ( o.........o ) and assaying for sheep

erythrocyte agglulinating activity, ( ). The diluent was

TSA/EDTA supplemented with 0.01 mglml bovine serum albumin.
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FIGURE 3.8 PurifÍcation ofl Botryllus sp. haemoagglutinins by af,finity chromatography on

Lac-acid-Sepharose 48.

Stage 2: Isolation of the guinea pig erythrocyte agglutinin.

The effluent haemoJ.ymph from stage I (Fig 3.7; fractions I-7 and 48-54 inclusive, pooJ-ed

voLume = 120 mI) vras reconstituted with CaCl 2 fto 10 mM) and then reappJ.ied to trre .,affinïty column

which had been washed exhaustively with TSA + O.L M l-actose and equilibrated with TSA + 5 mM

CaCJ-r. After the column had been washed with TSA/Ca++, bound material was eluted first with

TSA/Ca++ plus 10 mM lactose and finally with TSA plus 5 mM EDTA (TSA/EDTA). A second adsorption

step was then carried out. The co.Lumn was re-equiLibrated with TSA/Ca++ (re-equil.) and fractions

2-23 (pooled volume = LzO ml) were re-appJ.ied, the column being washed as before. Flow rate:

2l ml/hr. Fraction size: 8.7 ml. Fractions were analysed without dialysis by measuring absorbance

at 280 nm (o.......o) and assaying for guinea pig erythrocyte agglutinating activity (o< ). The

diluent was TSA/Ca** supplemented with 0.01 mg/mJ- bovine serum albumin.
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The column was washed and the agglutinin eluted as described. A small

quantity of aggLutinin was still detectable in the eflfluent (Fig 3.8;

flractions 77-95, titres . z-4), but this was not considered

sufflicient to warrant a third passage down the cohmn. The flractions

containing the el-uted guinea pig erythrocyte agglutinin were pooled

(179 ml) and stored at 40.

3.4.2 Sephacryl 5-100 chromatoqr of the afflinity purified

agglutinins.

The BotryIIus sp. agglutinins were further purified by

chromatography on Sephacryl 5-300. Using this gel, it was possible to

compare the chromatographic behaviour of the Ca**-dependent

Botryllus sp. guinea pig erythrocyte agglutinin with that ofl affinÍty

purified HA-I agglutinin from B. leachii. The elution position of the

sheep erythrocyte agglutinin from Elotryllus sp. and the HA-2 agglutinin

coul-d also be compared.

The pool of Botryllus sp. guinea pig erythrocyte agglutinin from

the affinity column lvas concentraled by ultrafiltration and a sample

containing the agglutinin plus molecular weight markers was

chromatographed on the SephacryJ- 5-100 column. The eluent buffer

contained EDTA and EGTA to prevent interaction of the agçjtutinin with

the Sephacryl (see Chapter 2, Section z.LO.2). The fractions were

titrated against O.5% guinea pig erythrocytes using a

Ca++-supplemented diluent. A single peak of agglutinating activity

was resolved, running ahead of BSA and peaking at fractions iO and 3L

( rig 3.9A) . Af finity-puri f ied l-lA-1 agglutinin from q. leachii ,

chromatographed under identical conditions, also eluted from the colunn

with a peak at fractions 30 and 3L (fig 3.98). Hence the HA-l



FIGURE 3.9 SephacryJ. 5-100 chromatography of affinity-purified guinea

pig erythrocyte agglutinins from B. leachii and Ebtryllus sp..

The column was equilibrated and washed with TSA plus 0.5 mM EDTA and

0.5 mM EGTA (TSA/EDTA/EGTA). Fl-ow rate: 6.8 ml,/hr. Fraction size:

I.9 mI. AIl fractions were assayed without dialysis for guinea pig

erythrocyte agglutinating activity. The diluent was TSA containÍng

5 mM CaClrand 0.0I mg/ml bovine serum albumin.

A. Ehtryllus sp. guinea pig erythrocyte agglutinin. Sample: 1.5 ml

of purified agglutinin (O.O.rr' - 0.1, haemagglutinating tÍtre =

l:320,000) i 0.5 mI buffer containing markers. The agglutinin was

obtained by concentrating the lactose-eluates of Fig J.B

(fractions 73-45 and 108-119, i.nclusive; pooled volurne = 179 mI)

by ultrafiltration. The elution positions of blue dextran (Vo),

bovine serum albumin (BSA), myoglobin and tyrosine are shown.

q. leachii guinea pig erythrocyte agglutinin (HA-I). Sample z 2 nL

containing O.O2 mI purified HA-l agglutinin (O.O.rUO = O.49;

agg].utinating titre = l:160,000) and molecular weight markers.

The elution positions of blue dextran (Vo), mouse IgG (IgG),

cytochrome c and tyrosine are shown.

B



A

Vo

I
18

16

14

12

10

I

6

4

2

o

6l
oo
I

lu
Ê,
ts
F
oz
l-
z
tr
Ð
oo

=l¡J
I.

I

6

4

2

o

ñ
oo¿
I

¡¡J
Ê,t-
t-
oz
l-
z
Ff
oo
.
t¡¡

T

BSA

I

lsG Cyt

I

Myoglobin

I
srne

20 30 40 50 60 70

FRACTION NUMBERB

12

10

Vo

I
oct¡ome Tyros¡nec

20 30 40 50 60 70

FRACTION NUMBER



70.

agglutinin and the guinea pig erythrocyte agglutinin from EbtrylLus sp.

have the same apparent moLecular size.

To flractionate the sheep erythrocyte agglutinins, which are not

inactivated by chelating ag*ents, the column was equilibrated with TSA

ptus 0.I M lactose, this being used as the eluent. The lactose was

included to saturate the bindÍng sites of the agglutinins and thereby

prevent any interaction of the agglutinins with the Sephacryl. A

sample containing the afflinity-purified Botryllus sp. sheep erythrocyte

aggtutinin was loaded onto the Sephacryl 5-100 col-umn. The flractions

were tested, without dialysis, for agglutinating activity with sheep

erythrocytes (O.5y, v/v in saline) using TSA/EDTA/BSA as the diluent.

The agglutinin eluted off the column in four fractions, well ahead of

cytochrome c and peaking at flraction 38 (fig l.I0A). This coincided

with the elution position of purified B. Ieachii HA-2 agglutÍnin (Fig

l.I0B).

3.4.3 Compa rison of the sedimentation coeflficients of the B. leachii

and Botry llus so. aqqlutinins.

It appeared from the Sephacryl 5-100 chromatography results that

the HA-l agglutinin and the Botryllus sp. guinea pig erythrocyte

agglutinin were simitar in size, as wele the l1A-2 agglutinin and t'he

Botryltus sp. sheep erythrocyte agglutinin. These results however,

wele subject to the assumption that none of the agglutinins had

interacted with the gel and that their passage through the coltmn had

accordingly been unretarded. An independent and more accurate estimate

of the molecular síze of these aggtutinins was theref,ore sought by

velocity centrifugation. The LBP-3 from B. leachii was also included

as a marker, since this molecule is related to the l-lA-t agglutinin and



FIGURE 3.LO Sephacryl 5-100 chromatography ofl purified sheep

erythrocyte agglutinins from B. leachii and Ebt Ilus sp. .

The column was equilibrated and washed with TSA containing 0.5 mM EDTA,

0.5 mM EGTA and 0.1 M lactose. Flow rate: 6.7 nL/t¡r. Fraction size:

I.9 ml. Atl fractions were assayed without dialysis for sheep

erythrocyte agglutlnating activity. The diluent was TSA containing

5 mM EDTA and 0.01 mglml bovine serum albumin.

A. Botryllus sp. sheep erythrocyte agglutinin. Sample: I.5 ml of

purified agglutinin (O.O.rUO = O.23; haemagglutination titre =

Iz64O) plus 0.5 buffer containing markers. The aggtutinin was

obtained by concentrating the lactose-eluates of Fig 3.7

(fractions L3-2O and 62 inclusive, pooled volr-me - 73 ml) by

ultrafÍltration. The elution positions of blue dextran (Vo),

cytochrome c and tyrosine are shown.

q. leachii sheep erythrocyte agglutinin (HA-2). Sample: 2 rhf

containing of 0.5 ml purified ltA-2 agglutinin (O.O.rUO = O.47,

agglutinating titre = 1:1600) and molecular weight markers. The

elution positions of blue dextran (Vo¡, mouse IgGt (IgG),

cytochrome c and tyrosine are shown.

B
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it was possible that the Botryllus sp. agglutinin was similar to this

molecul-e.

Sedimentation coefficients (S) lvere measured using isokinetic

sucrose gradients (¡lott , ,1967; Johns & Stanworth, 1976). The

sedimentation velocity of a particle is conslant throughout the length

of these gradients and the S 
'value is therefore proportional to the

distance the molecule travels. Hence the S value of an unknown

molecule can be calculated by direct comparison with an internal

marker. Details regarding the construction of the gradients are given

in Chapter 2, Section 2.I2.

The results from a preliminary set of gradients where the

sedimentation velocity of each of the four agglutinins and LBP-I was

compared to that of t125-l"oull"d rgG suggested that the

Botryllus sp. guinea pig erythrocyte agglutinin and the B. Ieachii l-{A-I

aggJ.utinin had different S vaLues, whereas the HA-2 molecule and the

Botryllus sp. sheep erythrocyte agglutinin had the same S value. Thè

sedimentation veJ-ocity of LBP-J was the same as that of the HA-I

agglutinin. A second set of gradients were run to confirm these

results.

Elovine serum albumin, radiolabelled with iodine-I25, lvas used as

the internal marker for the second set of gradients, with'one ofl the

following additional radiolabelled proteins also included in each

gradient: l-lA-l agglutiñin, IgG or LBP-f . Haemagglutination assays were

used to detect the Botr Ilus sp. agglutinins and the unlabelled

B. Ieachii molecules. The unlabelled LBP-, was also detected by rocket

inmunoelectrophoresis in gels containing anti-LBP-3 antibodies. The

results of the five gradients (Fig I.IIA-E) show that in most cases the

proteins moved through the gradients as well-defined, symmetrically

shaped zones. Although some spreading seems apparent, particularly
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when compared to the radiolabelled markers, (e.9. Figs f.LlA, C, D

& E), this is mostJ.y due to the agglutination titres having been

plotted on a logarithmic rather than a linear scaLe. If this is taken

into account, it can be,, seen that the bulk of each agglutinin

preparation sedimented as a homogenous band. The position of LBP-I in

the gradient was determined by haemagglutination assays, but since this

molecule is a very inefficient agglutinin (Schluter, L9B2i Ev,

unpublished data) the peak fractions were also analysed by rocket

immunoelectrophoresis. The results (Fíg 3.I2) Índicated that fractions

IB and 19 contained the most LBP-f and hence represented the centre of

the sedimented zone. This result corresponded exactJ.y with that

determined by haemagglutination assays (Fig l.lfE).

Sedimentation distances were calculated as the distance (number

of fractions) between the centre of the sample at the start of the

experiment and the sedimented zone at the completion of the

experiment. These values and the corresponding sedimentation

coefficients are given in Table f.4. The conclusions derived from the

preliminary set of gradients were confirmed by these data. It is of

interest to note that although the Botryllus sp. gui-nea pig erythrocyle

agglutinin and the l-lA-1 molecule eluted from the Sephacryl 5-300 colmn

in apparentJ-y identical positions (Fig 3.9), the difference in their

sedimentation coefflicients (S20,n = 5.4t, vs 6.05 + 0.18,

respectively) indicates that the HA-I agglutinin probably has a

slightly greater molecul-ar weight than the Botryllus sp. agglutinin.

The latter may be a more aglobular molecule than the HA-I agglutinin,

which is known to be hiqhly asymmetric (Schluter, I9B2).



FIGURE 3.IL Velocity sedimentation ultracentrifugation in isokinetic

sucrose gradients.

Gradients (r2 ml) were centrifuged at 50 for 17 hr at 40,000 rpm and

then fractionated by upward displacement into o.2 mr aliquots. Atl

samples contained lr25-l"b.t1.d bovine serum albumin (asA,

82,000 cpm) and usually an additional labelled protein, as intrinsic
markers. sedimentation was from left to right. onry the upper hatf of

the gradient is shown (tolal- length of the gradient = 60 fractions).

A. sedimentation of B. leachii HA-2. sample was 0.2 ml of purified

HA-2 containing radiolaberled BSA and radiorabelled HA-t

(41,000 cpm). Fractions were assayed for sheep erythrocyte

agglutinating activity (diruent: TSA + 5 mM EDTA + 0.0r mglml BSA)

(¡,........r) and for radioactivity (- ).

B. Sedimentation of Bot 11us sp. sheep erythrocyte agglutinin.

Sample was 0.2 mI of purified aggJ-utinin containing radiolabelled

BSA and 40,000 cpm of radiorabelled mouse rgG. Fractions were

assayed for sheep erythrocyte agglutinating activity (diluent: TSA

+ 5 mM EDTA + 0.01 mglml BSA) (r......r) and for radÍoactivity
(¡-o).
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FIGURE 3.LI Velocit y seclimentation ullracentrifugation in isokinetic

sucrose gradients.

C. Sedimentation of B. leachii HA-l. Sample was 0.2 ml of purified

M-I containing radiolabell-ed BSA and 33,OOO cpm of radiolabelled

LBP-f. Fractions were assayed fo¡ guinea pig erythrocyte

agglutinating activity (diluent: TSA + 5 mM CaCl, + 0.1 mg/ml

BSA) (r......r) and for radioactivity ( o< ).

D. Sedimentation of Botr llus sp. guinea pig erythrocyte agglutinin.

Sample was 0.2 ml of purified agglutinin containing radiolabelled

BSA and 43rOOO cpm of radiolabelled l-lA-l Fractions were assayed

for guinea pig erythrocyte agglutinating activity (diluent: TSA +

5 mM CaCL, + 0.I mg/ml BSA) ( e...-...r) and for radioactivity

(e).
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FIGURE 3.IL VeLocit y sedimentation ultracentrifugation in isokinetic

sucrose gradients.

E. sedimentatisn of B. leachii LBP-]. sampJ.e was 0.2 mr of purified

LBP-I containing radiolabell,ed BSA and 41,000 cpm of radiolabelled

HA-I. Fractions were assayed for guinea piq erythrocyte

agglutinating activity (diluent: TSA + 5 mM CaCL, + O.l mg/m1

BSA) (r"""'r) and for radioactivity ( o--e ).
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FIGURE 3.I2 Rocket Ímmunoelectrophoresis of the LPB-I peak fractions

obtained afte¡ velocity sedimentation ultracentrifugation. Samples

(f0 U l) of fractions II-25 (fig l.]lE) were loaded into weLls on a

prepared plate of agarose containing anti-LBP-3 immunoglobulin and

eJ.ectrophoresed according to the procedure described in Chapter 2,

Sectlon 2.I3.2.
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TABLE l:4

Gradient

nunber

BSA*

(marker) HA-I$

18( 5.67)

r8.5( 5.84)

20.5(6.23)

t1A-2

L4(4.26)

LBP-]

18.5(5.81)

re( 5.e8)

The distance travelled by various proteins during ultracentrifugation in isokinetic

sucrose gradients and the calculated sedimentation coefficients.

Proteins analysed

BotrvIIus B. Ieachii

T3 I6(s.t+rll

T3

14

14.5

* Bovine serum aLbumin.

f Guinea pig erythrocyte agglutinin.

S Sheep erythrocyte agglutinin

sp.

Gpnec-HA1f SRBC-HAS

rl(4.41)

distance sedimented (S2g, ¡'¡)

Le(6.45)I
2

3

4

5

I4

ll Sedimentation coefficient (Svedberg units, S20.1lJ) = (Distance travelled by test
protein / Distance travelled by BSA) x Sedimentation coefficient of BSA. The value used for BSA

was 4.415 (PheLps & Putnam, 1960; Squire et al., 1968).

$ Mean 520,W = 6.05 + 0.I8. Value estimated by Schluter (1982) was 5.68 + O.22.
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3.4.4 The bindi ecificities of the Bo llus : and B:'leachii

aqqlutinins.

An important aspect of a comparative study of molecules is the

investigation of functional similaritÍes. Although not unequivocal,

one way of examining flunctional .similarities is to determine the

specificity of the binding site(s). A method commonly employed with

invertebrate agglutinins is to measure the inhibitory effects of

various sugars on agglutination. The free sugars probably compete with

the erythrocyte binding sites for the agglutinin, hence a sugar most

resembling the erythrocyte binding site is expected to be the best

inhibitor.

Earlier experiments, testing the effect of various sugars on the

agglutination titres of haemolymph from Botryllus sp. and 9.. leachii,

had indicated that some sugars were more effective inhibitors than

others. In order to compare in a quantitative manner the effectiveness

of the different sugars, the concentration of sugar required to halve

the titre of a particular agglutinin preparation lvas determined and

this was used as the measure of inhibitory capacity. A panel of nine

sugars was chosen. The capacity of these sugars to inhibit the

agglutination of sheep and guinea pig erythrocytes by q.. Ieachii

haemolymph ranged from very good (e.g. Iactose) to not detectable (e.g.

mannose, with guinea pig erythrocytes) (Table 3, SchLuter et af.,

fg8f). It was hoped by using sugals with a range of inhibitory

abilities that any fine differences in the specifi-cities of the

B. Ieachii and Eþtry]lus sp. agglutinins might be detected. As a

precaution against random variation; the inhibition experiments for the

M-l agglutinÍn and the Botryllus sp. guinea pig erythrocyte agglutinin

were performed in parallel, on the same day with the same suspension of

erythrocytes. Experiments with the HA-2 molecule and the Botr¡llus Ð.
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sheep erythrocyte agglutinin were performed similarJ-y. The agglutinins

were titrated initial.ly in sugar at a linal concentration of 67 mM and

the agglutination titre compared to that of the control (no sugar

added) . If inhibition occurred, the concentration of sugar was reduced

by diluting I:2 in saline and the agglutinins were retitrated. This

procedure was repeated until the concentration of sugar that reduced

the haemagglutination titre by approximately 50% could be estimated.

In each case purified agglutinins were used.

The results (Table 3.5) revealed no difference in the binding

specificity of the B. Ieachii FtA-l agglutinin and Botryllus sp. guinea

pig erythrocyte agglutinin. However, the HA-2 agglutinin and the sheep

erythrocyte agglutinin from Botryllus sp. appeared to have distinct

specificities, since lactose, melibiose and D-galactose were all more

effective inhibitors of the Bot lus sp. agglutinin than of the ll{-2I

molecule. These two agglutinins had similar specific agglutination

activities, a I mg/ml soLution of each exhibiting a titre of

I:4,000-5,000 against 0.5% sheep erythrocytes.

3.4.5 Ant enic cross-reactivit of the Bo llus s . and B. l-eachii

aqqlutinins.

The possibility that the guinea pig and sheep 'erythrocyte

agglutinins from Botry llus sp. are structurally related to the

B. l-eachii HA-l and HA-z molecules was examined serologicalJ-y by

testing for antigenic cross-reactivity. Purified agglutinins from both

of the ascidian species were analysed by the double i.nrnunodiffusion

method of Ouchterlony (l{eir, 1978) using rabbit antisera against the

purified 9.. Ieachii agglutinins. The results are shown in Figs t.Lt

and 3.L4.



TABLE ].5

Sugar

Lactose

Melibiose

D-galactose

L-arabinose

Glucose

Maltose

D-arabinose

Sucrose

D- fucose

Mannose

The capacity of sugars to inhibit the agglutination of erythrocytes by agglutinins from

B. leachii and Botryllus ,p.1f.

Concentration of sugar (mM) required to inhibiL by 5ú6 the agglutination of:

guinea pig erythrocytes* sheep erythrocytes s

HA-l agglutinin BotrvIIus aggJ-utinin 1-lA-2 agglutinin BotrvIlus agglutinin

0.5

o.5 - o.25

0.5

2

I
I

32

67

ND

>67

o.5 - o.25

0.5

0.5-1
2

I
I

32

67

ND

>67

4-8
>67

>67

ND

>67

> 6-l

>67

> 6-7

>67

ND

0.5

32

16

ND

>67

>67

>67

>67

>67

ND



I The agglutinins used had been affinity purified and chromatographed on Sephacryl 5-100. The FIA-2
utinin and the Botrvll-us sp. sheep erythrocyte agglutinin were dialysed overnight agaJ-nst TSA before

Agglutination was assessed by mixlng 2-fold serial- dilutions of the agglutinin with an equal volume
(40UI) of sugar plus 80¡rJ. of a Q.5% erythrocyte suspension. The maximum concentration of sugar tested
was 67 mM. If inhibition occurled, the sugar solution was diluted in sa.l-ine and the assay was repeated
with lower concentrations of sugar until that concentration which decreased the agglutination titre by
approximately 50% could be estimated.

x DiLuent: TSA containing 5 mM CaCl2 and 0.01 mg/ml BSA.

S Diluent: TSA containing 5 mM EDTA and 0.01 mg/ml BSA.

¡9 = l\ot done.

aggl
USC.
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The absence of any precipitin Iine between the Botryllus sp.

guinea pig erythrocyte agglutinin and the anti-(l-tA-I) serum, compared

with the vely intense line found with the HA-I agglutinin, suggested

that there was little or n: antigenic cross-reactivity between these

two agglutinins (fig 3.L3). However the lack of any precipitin l-ine

with the Botryllus sp. agglutinin could well- have been due to the low

protein content of the sample ( < 0.1 mg/ml). Unfortunately there was

insufficient material left at this stage to attempt further studies on

a more concentrated sample.

In contrast lo the preceding redults, the anti-(Hn-Z) antibodies

were reactive with both the B. Ieachii and the Botryllus sp. sheep

erythrocyte agglutinin (Fiq l.I4). The partial fusion of the HA-2 and

Botry1lus sp. sheep erythrocyte agglutinin precipitin lines (fig 3.L4C

& D) indicated that these molecules indeed share some antigenic

determinants. Furthermore, the formation of a spur on the HA-2

precipitin line showed that the HA-2 agglutinin possessed in addition a

number of unique determinants, i.e. determinants not expressed on the

Botryllus sp. agglutinin. No spur was detected on the Elotryllus sp.

agglutinin precipitin line since the antibodies had been raised against

the B. leachii (HA-2) agglutinin and there would have been none which

recognised determinants unique to the Botryllus sp. aggtutinin. These

determinants, if they exist, would be detected in a reciprocal test

using antibodies raised against the

agglutinin.

Elotryllus sp. sheep erythrocyte



FIGUFE 3.L3 Analy sis of Bo llus sp. guinea pig erythrocyte

agglutinin (GpRBC-HA) by double radial immunodifusion. Samples were

Ioaded into f mm diameter well-s in a I% agarose gel contaÍning TSA +

r mM EDTA. The prales were incubated at 3-to for 48 hr and U-en

pressed, washed, dried and stained with coomassie blue. The centre

werr of each plate contained r0 p r of anti-(FtA-t) rabbit rgG

(L2.26 mg/mJ.).

A. B. leachii l-lA-I B. GpRBC-|-A

0.D. = l-.0 0.D. = 0.I2BO 2BO

WelI // Sample applied Well /l Sample applied

I

2

3

4

5

6

1

2

3

4

5

6

109I,

10 i.r I,

l0 pl,

I0 pl,

10 ir I,

l0 pl,

diluted

diluted

dil.uted

diluted

diluted

diluted

L/2

r/4

L/B

L/16

I/32

L/64

20 ul,

20 1tI,

10 p1,

l0 pl,

10 yI,

l0 yJ-,

neat

neat

neat

neat

dlLuted I/2

díLuLed L/2





FIGURE J.L4 AnaJ-ysis of Botryllus sp. sheep erythrocyte agglutinin by

double radial immunodiflfusion. Samples (10 Ul) were loaded into f mm

diameter wells in a I% agarose gel containing TSA + I mM EDTA + 0.2 M

Iactose. The plates were incubated at 37o for 48 hr and then pressed,

washed, dri-ed and stained with Coomassie Blue R-250. The samples were

diluted in TSA containing 5 pglml BSA (carrier protein).

A, B: Centre well: Afflinity-purified rabbit anti-(HA-2) antibody

(0.7 mglml).

Sample wells: Purified B. leachii l-lA-2 aggJ.utinin (0.8 mg/m1).

Values represent the reciprocal of the dilution.

c, D: Centre well: Affinity-purified rabbit anti-(HA-2) antibody

Sample wells:

(0.7 mglml).

C = Affinity-purified Bo 11us sp. sheep

erythrocyte aggJ-utinin (0.05 mg/ml)

D = B-fold concentrated Botryllus sp. haemol ymph.

Val-ues represent reciprocal dilutions. The precipitin lines

passing through the lower left wells are artiiacts caused by the

close proximity of weIls belonging to other immunodiffusion assays.

E, F: Centre well:

Sample wells:

Affinity-purified rabbit anti-(HA-2) antibody

(0.7 mg/ml).

B. leachii Ã-2, (1:16 dilution; 0.05 mglml) (BI).

Elotryllus sp. agglutinin (purified; t:4 dilution;

O.OL25 mglml)

sp. haemolymph (8 x concentrated;

(A) .

BotrylIus

I:4 dilution) (H).
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3.5 Discussion.

There are a number of factors to be considered when embarking on

a comparative study of this type. For exampJ.e:

(a) Conclusions as to ,n: phylogenetic relationships between the

animals under study are dependent on the taxonomy of the group.

Although the phylogenetic relationships that have been proposed

for the major (cosmopolitan) ascidian families (M1IIer, 1966) is

presumably wel-I based, the taxonomy of the extensive ascidian fauna

in South Australian waters is in its infancy. This means that with

more extensive collecting in these waters, new genera and even new

families may need to be erected, in which case current ideas about

phyJ-ogeny would require re-assessment.

(b) The animals (ascidians) examined today have undoubtedly changed

from their ancestral forms as they adapted to a variety of

different habitats and Iife history patterns. Thus if an

agglutinin is not detected in one member of a particular famiJ-y it

does not necessarily follow that all members lack that molecule.

An examination ofl Table f.I shows that this is indeed the case.

(c) The number of agglutinins identified is limited by the detection

methods employed. In this study, the agglutinins detected were

restricted to those that both occur in reasonable concèntration in

the body fluids and react with at least one of the five types of

erythmcyte used in the haemagglutination assays. Additional

agglutinins, that react with other cells or organisms, e.g.

bacteria or protozoa, may well occur. .In fact, preliminary data

have suggested that B. leachii haemolymph contains agglutinins for

various bacteria which appear different from the HA-t and ¡1A-2

molecules (results not shown). Some agglutinins could be

concentrated within particular organs, like the Helix pomatia
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erythrocyte agglutinin which is located predominantly within the

snail-'s albumin gland (Uhlenbruck & Prokop, 1966; Prokop et aI.,

1968; Ishiyama & Uhlenbruck, L972).

t¡lith considerations such as these in mind, it is clear that data

such as are presented in f"Of" 3.I must be viewed with some caution.

Nevertheless, information of this nature is valuable in providing base

Iine data for more extensive studies, particularly those aimed at

characterising and purifying the agglutinins.

A nr-¡nber of other workers have detected erythrocyte agglutinins

in the haemolymph of ascidians (review: Ey & Jenkin, L9B2). However,

virtually no information is available as to the structure or binding

site specificity of these mol-ecules. In the absence of such

information it is impossible to determine whether any of the

agglutinins detected in this study are structurally related to those

described in the Iiterature, particularly as the aggJ-utinating titre of

haemolymph, at least for some species, appears to vary depending on the

locality from which the animal is collected. The only ascidian

agglutinin to have been isolated previously is one from the haemolymph

of Halocynthia pyriformis. Analysis by velocity sedimentation in

sucrose density gradients and by SDS-polyacrylimide gel electrophoresis

(SDS-PAGE) indicated that this molecule has a native molecular weight

of 800,000 and is composed of subunits with a molecular weight of

20,000 (form et al., L979). Its binding specificity was described as

complex. Anderson & Good (L975) had earlier described an agglutinin

from H. pyriformis that agglutinated horse and hr-¡¡nan A erythrocytes and

which could be inhibited by N-acetyl-neuraminic acid at a concenlration

of O.25 mM. Other sugars tested (D-glucose, D-galactose, D-mannose,

L-fucose, L-arabinose, D-xylose N-acetyl-D-galactosamine and

N-acetyl-D-glucosamine) were not inhibitory at this concentration. It
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is not known at present whether the aggLutinin examined by Anderson &

Good is the same as that purified by Form et aI. (L919). Like the

guinea pig erythrocyte agglutinin from the haemolymph ofl Halocynthia

hispida (detected in this study), the ! . pyriformis agglutinin was

reported to require Ca++ ions for activity. However, the data on

these molecules -is too limited to determine if they may be structuralJ-y

related.

A paper by Vasta et al. (1982), which appeared in the literature

during the final stages of preparing this thesis, indicated that these

workers had obtained results similar to those of TabLes f.I &.3.2 (this

thesis) with haemolymph from l0 species ofl North American ascidians.

They found that all the species tested possessed haemagglutinins

(Iectins) but, like the data of Table 3.L, marked variation existed

between the titres ofl closely related species. It was concluded from

both the specificities of the haemagglutininò, âS determined by

inhibition with sugars and glycoconjugates, and cross adsorbtion data

that all but one speci.es possessed multiple haemagglutinins. However,

these conclusions were not confirmed by the separation or purification

of any of the haemagglutinins.

As more ascidian species are investigated and the methods flor

detecting and characterising the agglutinins are improved,' it may be

possible to discern changes in the structure and binding site

specificity of a particular agglutinin that have occurred over time as

a consequence of divergence and adaptation. The data obtained from a

limited number of styelid ascidians indicate that this has already been

achieved, to a limited extent, for the FIA-I and l-lA-2 agglutinins.

þþIecules with l-tA-l like properties were detected in the

haemolymph of Polycarpa Cnemidocarpa edtheridgii and a

species of Botryllus sp.. Chromatographic analysis on Sephacryl S-æ0
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indicated that haemolymph collected from each of the three species

contained a guinea piq erythrocyte agglutinin having an apparent

molecular weight of 200,000-400,000 and requiring Ca*+ and/or Mg**

ions for activity. Furthermore, the pattern of agglutinating activity

obtained when these molecules were tested in the presence of five

different sugars resembled thàt obtained with the q. leachii HA-I

agglutinin, indicating that the different agglutinins had similar if

not identical binding specificities. 0f particuJ.ar interest was the

finding that Flalocynthia hispida, an ascidian from another flamil-y

(Pyuridae) also possessed a Ca**-dependent, guinea pig erythrocyte

agglutinin that chromatographed on SephacryJ- 5-200 in approximately the

same position as the HA-l molecule. The !. hispida agglutinin did

appear to have a slightly different binding site specificity from tl-'at

exhibited by the other 'rllA-l-Iike'' agglutinins. The results obtained

are in accordance with the notion-.- that the guinea pig erythrocyte

agglutinins detected in the haemolymph of these ascidians may be

structurally related to the I-IA-I agglutinin from B. leachii. However,

one would need to obtain accurate molecular weight estimates of the

native proteins and detailed information on subunit structure, binding

site specificities and antigenic cross-reactivities, beflore any

confident assessment of the similarity of these molecules with the FA-l

agglutinin could be made.

Chromatogr aphy of the Botryllus sp. haemolymph on Sephacryl

5-200 revealed not only an 'rHA-l-Iike" molecule but also a sheep

erythrocyte agglutinin which superficially resembled the ll$-2

molecule. Fortunately, both of the Botryllus sp. agglutinins could be

purified using a techinque developed for the B. leachii agglutinins.

This allowed a detailed comparison of the purified guinea pig and sheep
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erythrocyte agglutinins from Botryllus sp. with the HA-I and HA-z

agglutinins, respectively, to be undertaken.

The HA-I agg lutinin and the Botryllus sp. guinea pig erythrocyte

agglutinin were similar in 1t 
least two respects. The sugar inhibition

data indicated that these two molecules had essentialJ-y identical

binding site specificities. They also eluted at the same position when

chmmatographed on Sephacryl 5-100. Analysis by velocity sedimentation

in sucrose density gradients, however, indicated that the FtA-l molecule

may be sIightJ.y larger than the Botryllus sp. guinea pig erythrocyte

agglutinin. There was no detectabl-e antigenic cross-reactivity between

these two agglutinins, as determined by immunodiffusion against an

anti-(8. leachii HA-l) antiserum, although this negative result may

have been a consequence of using the Botryllus sp. agglutinin at an

insuflflicient concentration.

A preliminary analysis by SDS-PAGE (performed by Dr P.L. Ey) of

tha partial-ly purified (i.e. by affinity chromatography only)

BotryÌIus sp. guinea pig erythrocyte agglutinin revealed, under

reducing conditions, two distinct polypeptide bands having apparent

molecular weights of approximately fL,000 and 18,000, respectively. No

other bands were evident. Ifl these polypeptides represented the

subunits of the agglutinin, rather than contaminants, thid agglutinin

has a structure quite distinct from that of the B. Ieachii l-lA-1 (single

subunit, mol. wt. = 28r5OO) or LBP-I (2 subunits, mol. wts. 22,5OO &.

28,500). AlI three proteins have a strict Ca**-dependent binding

specificÍty flor guinea pig erythrocytes. Although the sugar inhibition

data (Table 1.5) revealed no difflerence Ín apparent specificity between

the Eþtryllus sp. agglutinin and the B. Ieachii M-I, a comparÍson of

their specific agglutinating activities (based on 0.0.2g0) indicated

that the Botryl}us sp. agglutinin was at least 50 times more active
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than the HA-l. These preliminary results suggest that the two

agglutinins are not related in gross structure, but they appear to

possess very similar if not identical binding sites. The possession of

the same binding site within different poJ.ypeptide chains is quite

conceivable in the light of recent discoveries concerning eukaryotic

gene structure (ala*e, 1979; Steinmetz et al., f98l). The difference

in specific activity might be explained if the Botryllus sp. agglutinin

cbntains more binding-site subunits per molecule than does the HA-I.

Unfortunately there was insufficient material to continue these

studies. It would seem worthwhile to repeat these experiments using a

more highly purified preparation of the Botryllus sp. aggJ-utinin to

confirm or negate these results.

The BotryJ.lus sp. sheep erythrocyte agglutinin and the ll\-2

molecule also share a number of properties. They are the sarne

molecular size, as determined by both SephacryJ- S-100 chromatography

and velocity sedimentation, and preliminary SDS-PAGE data (obtained by

Dr P.L. Ey) indicate that the BotryJ-Ius sp. aggJ.utinin, like the

B. leachii HA-2 agglutinin (Schluter, 1982), is a dimer comprisÍng two

non-covalently linked, presumably identical subunits which have a

molecular weight of about 32,OOO. Thus on a structural. basis, these

two agglutinins cannot be distinguished. The finding that they are

antigenically cross-reactive but not antigenically identical strongly

supports the idea that the genes coding for these two agglutinins have

evoJved from a common precursor gene. That the two agglutinins,

although highly related, are not identical is shown not only by the

serological data but also by the slight difference in the binding site

specificity of the two proteins, indicated by the sugar inhibition data.

It may be concluded from these results that molecuLes clearly

similar to the HA-L and HA-z agglutinins exist in species other than
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E. Leachii, since a closely related ascidian, Botryllus sp., has in its

haemolymph one agglutinin which has similarities with the M-l molecule

and another agglutinin which is cJ-early structurally-related to the

ll\-2 molecule. The haemolymph of two other styelid ascidians,

Polycarpa papillata and Cnemidocarpa edtheridgii also contain

agglutinins which appear similar to the B. leachii HA-l agglutinin,

although more detailed structural data are required to assess whether

or not these molecules are structural.Iy related. Species from other

farnilies ( e. g. HaJ-ocynthia hispida) could also have molecules

structurally related the the q. leachii agglutinins. The apparently

widespread occurrence and conserved structure of these molecules

suggests that they perform some necessary function in these animals.

However, it remains to be determi.ned by further investigations whether

or not these moLecules have any role in immune recognition or defence

in these animals.



Chapter 4.

HAEMAGGLUT ININ LE\ELS IN HAEMOLYMPH FROM B. Ieachii F0LLOWING A CHANGE

IN ENVIRONMENT OR INJECTION I.IITH ERYTHROCYTES.
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4.1 Introduction

AJ-though it has been known for some time that foreign particles

can be phagocytosed by cel-Is circulating in the haemolymph of ascidians

(Fulton, L92O; Srnith, L97O; Anderson, I97L; Brown & Davies, L97L and

Bang, L975), the method by which ascidian haemocytes recognise

particles as foreign has not been addressed in any detail. Wright

(L974) specuJ-ated a haemagglutinin found in the haemolymph of

Ciona intestinalis could be involved in the phagocytosis of

erythrocytes by haemocytes, but little experimental evidence existed to

support this claim.

A characteristic of the immune response of vertebrates is the

increase in the production of antibody after challenge with antigen.

Immunological memory for the priming antigen is usually displayed when

a second dose of the antigen results in the production ol a

significantly greater amount of specific antibody than that induced by

the initial immunization. Representatives ' from all classes of

vertebrates, including the primitive fishes, have been shown to exhibit

the above mentioned characteristics (Marchalonis, L977). Since

protochordates are beLieved to occupy the phylogenetic position between

the vertebrates and the invertebrates, it was of particular interest to

determine whether the production of a protochordate 'opsonin or

agglutinin could also be stimulated flollowing chaJ-Ienge.

As indicated in the preceding chapter, ât least two

haemaggJ.utinins have been demonstrated in the haemolymph of B. leachii

(Schluter, et al., l98l). The HA-t agglutinin is specific for guinea

pig erythrocytes whereas the tlÊ.-z molecule agglutinates a variety of

erythrocytes including those from the sheep, chicken and gulnea pig and

also mouse macrophages. If the haemocytes or other phagocytic cells of

B. Ieachii possess carbohydrate receptor sites for the HA-2 or HA-I
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agglutinins, either of these agglutinins could behave as "natural

opsonins" fot particles bearing the appropriate receptor sites by

mediating the adhesion of the particles to the phagocytes. 0n this

basis, it is plausibJ-e ü1t one or both of these agglutinins could

serve in vivo as recognition mol-ecules in this species. This

possibility leads one to ask whether the haemagglutinin(s) detected in

the haemolymph have been synthesised and secreted in response to

previous exposures to stimuJ.atory material. This question was

investigated in two ways: firstJ-y by examining the effect of a

different external environment on the l-evels of the F{A-l agglutinin and

secondly, by attempting to stimulate the production ofl the llA-2

agglutinin in a çecific manner.

It had been noted previously that the HA-l agglutinating titre

of haemoJ-ymph obtained from colonies collected at two distantly

separated locations, Edithburgh (L37.o 451 E, 35o 5' S) and the Outer

Harbour of Pt. Adelaide (If8o 2-/t E,34o 47t S), was diflferent. The

differences in HA-L titre could have been due to dÍfferences in the

marine environment at the two localities. For example, water quality

is likely to be different between the two sites, for 0uter Harbour is a

busy port with an industrial hinterland while Edithburgh is a smaLl

holiday viltage serving a rural community. The effect of environment

was investigated by transferring colonies collected at Edithburgh to

Outer Harbour and vice versa, the haemolymph from these colonies being

assayed for any change in HA-I titre.

It was thought possible that a specific change in the

haemagglutinating titre could be induced by injecting colonies with

erythrocytes bearing haemagglutinin receptors on their surface. As

guinea pig erythrocytes, the only erythrocytes known to be agglutinated

by the HA-l molecule, had receptors for both the HA-l and ll\-2
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agglutinins on their surfaces it was decided to investigate this

question using sheep and chicken erythrocytes which are specifically

agglutinated by the HA-2 agglutinin. Accordingly, colonies were

injected with sheep or chicken erythrocytes and the haemolymph tested

flor a change in the HA-z agglutinating titre. As the injected

erythrocytes did not have surface receptors for the M-l agglutinin it

was possible, by titrating the haemolymph for both HA-I and HA-2

agglutinating activities, to determine whether any change recorded was

restricted to the HA-2 agglutinin.

4.2 the effect of environment on the titre of the l-lA-I a l_n]-n.

At time zeto, eight q. .leachii colonies transported flrom

Edithburgh in buckets of aerated sea water were placed in plastic mesh

cages attached to pier pilings at Outer Harbour and similarly }J-

colonies from 0uter l-hrbour were put in cages fastened to the piJ-ings

of Edithburgh pier. Animals which had been removed flrom the piJ.ings

and placed in cages at the same locality served as controls; there were

15 control- colonies at Edithburgh and LI at Outer Harbour. Four weeks

after transfer, aII the colonies were bled and each haemolymph sample

was titrated for HA-l agglutinating activity with a L% (v/v) suspension

of guinea pig erythrocytes. This experiment was repeated ùith another

batch of control and transferred colonies being placed in cages at the

completion of the first experiment. The repeat experiment consisted of

lf colonies that were transferred from 0uter Harbour to Edithburgh, It
that underwent the reciprocal transfer and 15 and L2 control colonies

for Edithburgh and Outer Harbour respectively. AII colonies were bled

at 4 weeks after transfer.

Four of the eight colonies initially transferred from Edithburgh

to Outer Harbour died and so haemolymph was collected from the flour
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remaining healthy colonies and titrated for HA-L aggJ.utinating

activity. The haemolymph titrated flor all other groups was obtained

from the number of colonÍes indicated.

The titration results obtained failed to satisfy the assurnption

of homogeneity ofl variance (Fmax = 15.77; P <0.0I) and a non-parametric

analysis was thereflore performed. lulann-Whitney U tests indicated that

within each treatment category, both experiments were homogeneous. AlI

subsequent analyses were thus performed on the pooled data as displayed

in FÍg 4.I. A Kruskal-Wallis test, which is analogous to the

parametric analysis of variance (Siegal, 1956), indicated that a

significant difference in the magnitude of the HA-I titre did exist

between the four grcups of colonies (H = 9.28; P < 0.05). The

a posteriori Simultaneous Test Procedure of Dwass as described in Sokal

& Rohlf (L969), was then performed in a pairwise manner to identify

those groups which were significantly different. This revealed that

colonies from' each treatment category produced significantly diflferent

sets of HA-l titres from those of the other three groups (in atl cases

P < 0.01). Examination of Fig 4.I reveals the direction of each

difference. The transfer of colonies from Outer Harbour to Edithburgh

resulted in a drop in the HA-l agglutinating activity relative to the

level in the control colonies that remained at Outer Harbour, while the

reciprocal transfer of Edithburgh to Outer Harbour produced a rise in

the HA-l titre above that of the colonies remaining at Edithburgh.

This tended to suggest that the environment at Outer Harbour stimulated

the production of HA-I to a greater extent than did that at

Edithburgh. However lhe two control groups also gave different sets of

HA-I titres, but in this case the median of the Edithburgh data was

higher than that of the Outer Harbour data. This result indicates tl-rat



FIQJRE 4.L The effect of transfler to a new locality on the guinea pig

erythrocyte (Hn-f) agglutinating activity of 9. leachii haemolymph.

Colonies were transferred both from Edithburgh to 0uter Harbour and

from Outer Harbour to Edithburgh, with control colonies being kept at

their original locality. Arl coronies were bred 4 weeks alter

transfer. The guÍnea pig erythrocyte agglutinin titres rrere determined

and these are depicted as a frequency distribution in which the nunbers

of colonies exhibiting particular titres are shown. The total nunber

of colonies tested was 16, \O, 24 and 24 in Figs 4.L (A) - (D)

respectively.
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environmental stimuli alone are unlikely to account for the quantity of

the FIA-] agglutinin in B. leachìi haemolymph.

4.3 Haemaoqlutinin levels in the haemolymph of B. leachii followinq

injection with sheep or chicken erythrocytes

Colonies of B. leachii growing sub-tidally on the pilings of a

pier at Edithburgh were used. Colonies were removed from the pilings

using SCUBA and cut into portions of approximateJ.y equal size (e cm2¡

which were placed randomly in IabeIled plastic mesh cages that were

fastened to the piles. The colonies were then left to acclimatise for

two weeks prior to the commencement of the experÍment. In this way any

artifacts that may have arisen if the animals were maintaÍned in

aquaria lvere eliminated, yet each colony could be readily identified.

Unhealthy colonies were not used. The temperature of the sea for the

durati.on of the experiment ranged from Il.2o up to 14.50.

Immediately prior to injection, the mesh cages containing

tunicate co-l-onies were removed lrom the pilings, returned to the

surface and placed in a tray of sea water. The colonies were injected

in situ with either 10% erythrocytes (treated groups) or BSS (controls)

using a 30 gauge needle. Five injections, given in regions of the

colony matrix visibly ramified with blood vessels, were'required to

bring the volume injected up to 0.I5 ml. The colonies were then

returned to the pilings in their cages.

4.3.I The effect of a sinqle injection of erythrocytes

Samples of haemolymph which had been collected from colonies at

various times (0 - 48 days) after an injection of sheep erythrocytes

were tested flor agglutinating activity with sheep erythrocytes.

Colonies injected with Botrylloides salt solution (BSS) served as
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controls. Each colony had to be killed in order to collect the

haemolymph and it was therefore necessary to have sets (consisting of

at least 6 colonies per group) of treated and control animals for each

time point. Two additional controls were included. The first

monitored background variatìon in the haemagglutinating activity over

the duration ofl the experiment caused by factors which were impossible

to control, e.g. environmentally-induced physiological changes in the

animals. Thus, haemolymph lvas collected from undisturbed colonies on

both days 0 and 42 and titrated for aggluti-nating activity against

sheep erythrocytes. The second control tested whether the disturbance

per se of colonies caused any change in haemagglutinating titres. In

this case, colonies were removed from the pier pilings and placed in

cages without beÍng injected. After a two week acclimatisation period,

these colonies were bled and the haemagglutinating titres were compared

with those of the undisturbed colonies sampJ-ed on day 42.

Haemagglutinating titres were determined by mixing two-fold

serial dilutions of haemolymph (50 uf) in saline with an equal volume

ofl a O.5% erythrocyte suspension in the wel-Is of a microtitre tray.

AggJ-utination was evaluated as a fraction of 1, i.e. 0, I/4, I/2, 3/4

or I where I = full agglutination (e.9. 2.75 wells), after the cells

had settled overnight at room temperature. End points' were quite

distinct and the titre given for each haemolymph sample represents the

maximurn dilution (-Iogr) which caused complete agglutination.

The removal of colonies from the piles prior to injection had no

apparent effect on the sheep erythrocyte agglutinating activity of the

haemolymph (rig 4.2). There was however a stight but significant

difference (P < 0.05) in the titre of haemolymph collected from

undisturbed colonies on days O and 42, as shown by the Mann-f'Jhitney U

test (Siegel, L956). This decrease in titre over time would presumably



FIGURE 4.2 The effect of injecting q. leachii colonies with sheep erythrocytes.

Injections vlere given on day 0 and the animaLs were bled on the days indicated; 6-7

animals were bled at each time point. Sheep erythrocyte agglutinin titres
(mean r standard deviation) are given for groups of animal-s injected with

erythrocytes ( O ) or BSS ( r ). Data from undisturbed ( O ; sample size = I & L])

and caged, uninjected colonies ( O ; sample size = 8) are also shown. Mann-lrlhitney U

tests (Siegal, 1956) reveaLed a significant difference between experimental and

control values at days 14 and 26 G = O.O36 and 0.047 respectively).
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be superimposed upon any effect produced by the experimental procedure,

thereby highlighting the need to compare treated and control- colonies

within each time period. The data iltustrated in Fiq 4.2 show that

colonies injected with sheep erythrocytes possessed an elevated

haemagglutinating titre tt+ days aflter injection. This increase was

still evident after 26 days, but by 42 days the titres of injected and

control colonÍes were again equivalent.

4.3.2 Secondary stimul-ation with erythrocytes

In vertebrates, a second injection of antigen normally evokes a

large and rapid increase in the concentration of specific antibody. To

determine whether a similar rise in haemagglutinating activity occurs

in B. Ieachii, a second dose of erythrocytes was administered after the

first response had subsided. Moreover, colonies were treated such that

they received either sheep or chicken erythrocytes for both their
primary and secondary injection, while other coronies served as

control-s. It seemed Iikely that priming with chicken erythrocytes

would produce the same result as that obtained when the animals were

primed with sheep erythrocytes, since haemolymph normal-1y contains a

single agglutinin (Hn-Z) for both these cell types (Schluter et aI.,
resr)

Each colony was cut into three portions (as a series of matched

triplets) in an effort to reduce the variation observed earlier
(Fig a.Ð. One portion acted as a control and received only BSS,

whilst the other two received injections of either chicken or sheep

erythrocytes. The titre of the haemolymph of a particular colony after

injection with erythrocytes could thus be compared to that of a

genetically-identical control coJ.ony which had been injected with BSS

at the same time. The haemolymph samples obtained from these animals
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at varying times after injection were titrated against both types of

erythrocyte, all. agglutination assays being performed 'rblindrr and in

dupl icate.

A two-way analysis 
,of 

variance (ANOVA) without replication was

used to determine the significance of any diflference observed between

the erythrocyle-injected colonies and their genetically-identical

control colonies. In the case of one missing data point, due to colony

death, this val-ue was estimated according to the method given in Sokal

and Rohlf (1969). At the 6 week time point, two data points vlele

missing and in this case a Friedman non-parametric two-way ANOVA was

used (Siegel, L956). The ranks assigned to the missing points vvere

such that the possibility of significance was maximised, but despite

this there was no significant difference between treated and control

animals at this time (Tabte 4.I).

It is apparent flrom the results presented in Table 4.1 that

there was a slight but deflinite elevation in the agglutinating titre

for both types of erythrocyte 2 weeks after priming. Furthermole'

animals that had been primed with sheep erythrocytes showed a

corresponding increase in 'agglutinating activity against chicken

erythrocytes and vice versa. The injection of a second dose of

erythrocytes 6 weeks after priming produced a response similar to the

primary response, i.e. a 2-,4 fold increase in titre 2 weeks after

challenge.

The data can be displayed in a manner which eliminates variance

due to genetic differences between colonies if within each matcl-ed

lriplet the control value is subtracted from both the experimental

values. The effect of the experimental treatment is then exhibited as a

deviation from zero. The increase in titre 2 weeks after each

lnjection becomes readily apparent (Fig a.l).



TABI-E 4.1

Type of
erythrocyte

used in assay

Ti-me of
bleeding

(wks p.i.*)

Haemagglutinin levels in haemolymph coJ.J.ected from B. leachii colonies

injected with sheep or chicken erythrocytes

Injected material

Sheep:

1o reaction:

20 reaction:

Sheep
erythrocytes

6.L3 + I.O2

7.63 + Q.57

5.O5 + 2.O3

6.92 + I.O7

7.96 + O.95

6.13 + L.9O

7.67 + O.74

5.08 + 1.47

5.58 + l.16

6.3I + L.25

Chicken
erythrocytes

6.73 + O.99

7.23 + I.22

4.68 + L.69

6.48 ! O.72

7 .98 + I.06

6.4O + Z.LO

7 .27 + I.32

4.80 + 1.02

5.I9 + O.92

6.83 + I.I4

BSS
(control)

6.2i + L.25

5.44 + I.l0

4.48 + I.46

6.10 + 0.69

6.23 + 0.60

5.88 + 1.82

5.44 + I.59

5.07 + I.48

5.10 + 1.51

5.15 + 0.81

None

ND

7.I4 + L.53

ND

6.38 + I.23

6.38 + I.34

ND

6.Il + l.1I

Haemagglutination titre lt (-fogz)

t
2d.

6

I ND

lo reaction:

2S

2ó.

Chicken:

20 reaction:

ND

ND6

I

2S



* p.i. = post injection.

t[ Mean + standard deviation. Sample síze = 6t except in 4 cases where one colony died.

d,S Probability (2-way ANOVA) that data from erythrocytes-injected colonies are equivalent
to control values (d, P < O.O25; S, P < 0.005) .

ND = Not done



FIGURE 4.3 Heama gglutinin titres ol B. leachii haemolymph following

two spaced injections of either sheep or chicken erythrocytes. The

animals were injected both on day 0 and on day 42 with either sheep

( o ) or ehicken ( r ) erythrocytes. The data have been corrected by

subtraction of the appropriate conlrol values (see text). Differences

between experimental and control values are indicated by deviation from

zero and probabilities are given in Table 4.1. Titrations were carried

out against sheep erythrocytes (upper figure) and chicken erythrocytes

(Iower figure). Vertical bars represent + one standard deviation.
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The specificity of the increase in HA-z titre was examined by

using guinea pig erythrocytes Lo test for any alteration in the HA-l-

agglutinin titre. This aggJ-utinin was a particuJ.arly useful control,

flor although guinea pig erythrocytes may be agglutinated by both the

HA-l and HA-2 agglutinins, the titre ofl these molecules can be measured

independently using different assay diluents. Furthermore, the HA-z

aggJ-utinin can be removed from the haemolymph by adsorption with sheep

erythrocytes without changing the l-tA-I titre (Table 4.2). Thus, to

determine whether the injected erythrocytes, which carry determinants

for only the HA-z agglutinin, were causing a specific change in

agglutinin levels, i.e. in HA-2 only, those haemolymph samples

exhibiting an elevated HA-2 titre (using sheep and chicken

erythrocytes; Fig 4.J) were tested for both agglutinins by titration

against guinea pig erythrocytes in tris-buffered saline supplemented

with -5 mM CaCI, and 0.01 mg/ml of BSA and also in isotonic sodium

citrate (for HA-2).

The data in Table 4.3 indicate that there was no significant

rise in the HA-l agglutinÍn level in colonies injected with sheep or

chicken erythrocytes. However, there was as previously observed an

increase in the HA-2 titre- The magnitude of the change in HA-2 titre
was the same regardless of the type of indicator erythrocyte used. The

results clearly support the conclusion that the altered agglutinating

titre observed i.n haemolymph from animals injected with sheep or

chicken erythrocytes was due wholly to an increased concentration of

the l-lA-2 agglutinin.



IABLE 4.2 The effect of the removal- of the HA-2 aggJ.utinin on

the l-lA-1 titre.*

Titrating Erythrocyte

Colony

Numberll

Sheep Guinea pig

adsorbed
haemolymph

control- adsorbed
haemolymph

control

-Iogz agglutination titre

I

2

3

4

5

I

I

I

I

7

6.5

I

5.5

6

L5.5

I1

I4

Þ

T4

L5

1l

I4

b.5

T4I

* Sheep erythrocytes (6 x to8) in 0.4 ml of saline were added to
O.I25 mI haemolymph, mixed vigorously and left at room
temperature for I hour. The samples were centrifuged and the
supernatant (adsorbed haemolymph) was titrated in either f.8%
trisodium citrate or TSA supplemented with 5 mM CaCl2 and 0.01
mg/ml BSA for agglutination of both sheep and guinea pig
erythrocytes. ControÌs consisted of 0.I25 nI of unadsorbed
haemolymph from the same colony, which was added to 0.4 ml of
saline and similarJ.y titrated.

1l HaemoJ.ymph was taken from 5 repJ-icates.



TABI-E 4; f

Haemagglutinin

measured

Sheep
erythrocytes

Chicken
erythrocytes

14.45 + L.25

L4.67 + I.97

10.50 + 0.89

9.5O ! o.47

BSS
(control)

L3.54 + 2.36

14.18 + l.l4

8.90 + 1.J5

8.27 + O.42

Titres of the HA-I and HA-2 agglutinins, assayed using guinea pig

erythrocytes, in haemolymph from q. Eeqli! injected with sheep or

chicken erythrocytes.

I ]-me or

bleeding
(2 weeks p.i.)

Injected material

Haemagglutination titre* (-1og2)

HA-1

HA-2

1o reaction

20 reaction

lo reactiond

2o reactionll

14.68 + l.l0

14.37 + 1.89

IO.75 + O.55

9 .29 + I.O3

* Mean + standard deviation. The HA-t agglutinin was titrated in TSA
supplãmented with 5 mg/ml CaCl2 and O.0f mgZrñf BSA, the HA-2 in f.8% sodium
citrate.

d,lf Differences between colonies injected with erythrocytes (chicken or sheep)
and BSS (2-way ANOVA) z F(2,9) = 5.O2, P ( 0.05 (d) i F(2,g) - 9.I2,
P < 0.025 (T).
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4.4 Discussion

It is clear from these results that the titres of both the l-lA-1

and the HA-2 agglutinins in haemolymph can be altered by exposure of

B. leachii colonies to particular foreign particles. It was shown that

a change of environment evoked a change in the M-I agglutinating titre

while the injection of colonies with sheep or chicken erythrocytes

caused a small rise in titre of the HA-2 agglutinin but not of the FIA-I

agglutinin. However from the data presented in this chapter (Section

4.2) it seems unlikely that the quantity of these natural-Iy occurring

aggtutinins released into the haemolymph is the result of externaL

stimuli alone. Other factors, e.g. genetic composition, are probably

influential.

Edithburgh and 0uter Harbour appear to represent environments

which stimul,ate to differing degrees the production of the HA-I

agglutinin, the Edithburgh environment providing less of a stimulus

than the Outer Harbour environment. However an expJ.anation for the

direction of the changes observed in the HA-l titre (Section 4.2)

requires the assumption that B. leachii colonies at Outer Harbour and

Edithburgh are genetically isolated and that the capacity for HA-I

production is genetically controlled. One can then propose that 0uter

Harbour colonies have a low capacity for HA-I productioh even in a

region where the stimuli for producing this molecule is high, as is

refll-ected in the lower titres of the control colonies at Outer Harbour

relative to those at Edithburgh. If the environmental stimuli are

reduced, e.g. by transferring these colonies to Edithburgh, the HA-I

titre drops even lower. Edithburgh coloniesr oî the other hard,

p.roduce large amounts of the HA-] aggJ-utinin under low levels of

environmental stimulation; however, upon transfer to the 0uter Harbour

environment, these colonies can produce still more HA-l agglutinin.
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The vatidity of this explanation must remain subject to further

experimentation, particularly as the assumption that the two

populations are genetical.Iy isoJ.ated is based on a limited knowledge of

q. Ieachii reproductive biology. Nevertheless, the results of this

experiment pose interesting questions as to how the genetic

constitution of individual ascidians could affect their response to

pathogens. If the capacity to respond to a particular pathogen is

genetically controlled it is probable that through natural selection,

populations of high and low responding ascidians would have evolved in

areas of continued high and low pathogen abundance respectively. In

fact the "environmental stimuli" referred to in thÍs experiment coul-d

be pathogens.

The effect of injecting colonies with erythrocytes was

investigated in randomly chosen B. Ieachii colonies originating from an

interbreeding population (fig 4.2 & Table 4.I). Hence genetic

differences between colonies were not likely to markedly influence the

HA-2 titres recorded in this experiment and any change can therefore be

attributed to a response, be it physioJ.ogical or "immunological",

induced by the injected erythrocytes.

An increase in the HA-z agglutinating titre of haemolymph was

fi.rst observed two weeks after the injection of erythrocytes, and was

stiLl apparent at four weeks. The titre then fell and was similar at

six weeks to that of the BSS-injected controls. A second injection cjf

erythrocytes sÍx weeks aflter priming produced an apparently identical

response with respect to the interval between injection and lhe onset

of the rise in titre and also the magnitude of this rise.

. At present there is no information about the duration of the

response after the second injection, but the minor change in titre is

markedly different from that observed in the secondary antibody
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response of higher vertebrates. Representatives of each of the

vertebrate classes have been shown to be capable of an anamnestic

antibody response, although this abitity does not seem to be well

developed in the fishes and amphibians and depends on the nature and

dose of the inmunogen (review: MarchaJ.onis, 1977). The possibility

remains, therefore, that weak immunoJ.ogical memory might yet be

demonstrated in this ascidian species utiJ-ising different immunisation

protocols and other antigens.

From work carried out on Ciona intestinaJ.is, an ascidian

belonging to an Order different from that occupied by B. Ieachii, it

has been concluded that the inflammatory reaction to a second injection

of erythrocytes into the tunic is heightened in comparison with primary

reactions (wri.gnt and Cooper, 1975; Parrinello et aI., L977). f,lright

and Cooper (1975) recorded the number of animal-s in which the injected

erythrocytes were encapsulated by cel-ls. A high concentration of

erythrocytes given in a single injection induced encapsulation whilst

erythrocytes injected at a lower concentration were phagocytosed,

leading the authors to conclude that encapsulation is a more severe

response than phagocytosis. Parrinello et aI. (1977), on the other

hand, measured the time required for elimination of erythrocytes

through the tunic. Unfortunately, haemagglutinin Ievel-s were not

measured in either study and it remains an open question as to whether

such hr-rnoral factors participate in the direction of these inflammatory

reactions. In both studies, the secondary reactions were said to be

non-specific since a second injection with erythrocytes from a

diflerent species produced reactions similar to those observed in

animals given two identical injections. However, 1f the different

erythrocytes carried determinants recognised as cross-reactive by the

tunicate (e.9. sheep, chicken and many other types of erythrocytes bind
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the B. Ieachii FIA-2 agglutinin), the animal coul-d have responded to the

same molecule(s) regardless of the type of erythrocyte injected. This

possibility does not appear to have been considered.

Wright (I974) injected human erythrocytes into the tunic of

Ciona intestinalis and at selected times thereafter bled the animals

and examined the injection sites for erythrocytes. The aim of the

study was to correlate changes in the agglutination titre of the

haemolymph for human and duck erythrocytes with the clearance kinetics

observed for these erylhrocytes over a 168 hr period, but no

statistically significant change in titre was recorded. The results

with B. leachii are consistent with this observation, since it was not

until 14 days after injection that any significant increase in titre
was recorded.

It is noteworthy that in B. leachii the effect of injecting

sheep or chicken erythrocytes appears to be restricted to the ¡tA-2

agglutinin, since the HA-t titre exhibited no change. This. flinding,

together with the fact that neither sheep nor chicken erythrocytes

possess binding sites for the HA-l agglutinin, suggests that the

erythrocytes stimulated production of HA-z speciflically, perhaps with

the effect of enhancing elimination of the erythrocytes from the

circulation, rather than evoking some non-specific physiological

change. The experiments reported in the following chapter were

performed to determine whether the HA-2 agglutinin does indeed function

as an opsonin in this species. The function of the HA-l agglutinin is

also unknown. It would be of interest, particularly as the M-I titre

can apparently be altered by external stimuli, to investigate whether

injecting B. Ieachii colonies with guinea pig erythrocytes, whÍch carry

Iigand sites for both the HA-l and the ll$-2 agglutinins, would induce

an increase in the titre of not only the HA-2 but also the M-I

molecule.



Chapter 5.

THE HA-2 AGGLUTININ AND RECOGNITION OF SHEEP ERYTHROCYTES BY B. leachii

HAEMOCYTES.
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5.1 Introduction.

Although other authors have reported that opsonic factors exist

in the haemolymph of a variety ofl invertebrates (for example, Stuart,

L968; Prowse & Tait, 1969; Pauley et aI. , I97La; Paterson & Stewart,

I9l4), very little is known about the moLecular properties ofl these

opsonins. It has been speculated from as early as 1966 (Boyden, L966)

that agglutinins may have an opsonic role. However, aside from a few

studies (Tyson et al., 1974; Harm & Renwrantz, I9B0; Renwrantz, et a].,

198I) the evidence supporting this notion has been wholly

circumstantial (see Chapter I, Section I.3.4.). Even in studies where

evÍdence for the opsonic activity ofl an agglutinin was presented, a

number of questions relating to how these mol-ecuÌes interacted with the

phagocytic cells remained unanswered, e.g.: Did the opsonin/agglutinin

bind to similar sites on the phagocyte and the opsonised particles?

Were the opsonins secreted by circulating haemocytes or by other celIs?

What was the role of agglutinin molecules flound on the surface of

haemocytes in some species (Amirante, L976; Amirante & l"lazzaLat, L978;

van der Knaap et al., I98la)?

The ascidian system vvas chosen to address some of these

questions for several reasons:

(I) Since the HA-z haemagglutinaling titre of haemolyniph could be

altered on stimulation (see Chapter 4) it was conceivable that

this molecule could function as a recognition factor for foreign

particles by B. leachii haemocytes.

(2) The availability of purified preparations of these agglutinins

and of antisera specific for each, permitted the association of

the agglutinins with various cells in vitro to be Ínvestigated

Ín a precise fashion, and most importantly
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(3) the possible functions of ascj.dian agglutinins had not been

previously investigated in any detail.

5.2 fhe response of E. leachii colonies to an iniection of erythrocytes.

Elelore postulating an opsonic role for the aggJ-utinins it was

necessary to determine whether ascidian haemocytes coul-d recognise and

ingest particles known to bear agglutinin receptors on their surfaces.

For this reason 9. leachii colonies were observed for approximately

48 hr after having received an injection of sheep erythrocytes. Both

the external appearance of the colonies and the behaviour of the

haemocytes were recorded.

Sheep erythrocytes (0.05 ml of L5% (v/v) suspension in

Eþtrylloides salt solution (BSS)) were injected into a portion of the

colony visibly ramiflied with blood vessels. A successful injection

could be identified readily as the vessels and ampullae within the

immediate vicinity of the injection (within z cn2) were coloured

bright red by the erythrocytes. Approximately 15 min after the

injection, vessels 2-7 cm away lrom the injection site contained

erythrocytes and by 30 min vessels surrounding zooids situated

approximately 4 cm from the injection site were red with erythrocytes.

The only erythrocytes still visible aflter 5 hr were near the injection

site where aggregates appeared to be obstructing vesseLs and ampullae.

An examination of haemocytes collected from colonies 5 hr after

injection revealed phagocytosed erythrocytes within a specific type ofl

haemocyte (fiq 5.f). A comparison with haemocytes obtained fmm

colonies not injected with erythrocytes verified the assumption that

the structures observed were phagocytosed erythrocytes.

Colonies maintained in sea water for 24-48 hr after the

injection developed .a lesion at the injection site. The lesion



FIGURE 5.I

erythrocytes.

A 9. leachii haemocyte

Phagocytosis occurred in vitro.

containing phagocytosed

(mag 3,000x).
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contained gelatinous material that was slightJ.y more Iiquid than the

surrounding test . I'bst o f the blood vessels in this area appeared

either to have been reabsorbed or to have degenerated, leaving only a

small number of vessels apparently clogged with erythrocytes.

Nevertheless some of the haemocytes collected by piercing the lesion

did contain phagocytosed erythrocytes.

These observations are very similar to those of ParrinelLo

et al. , (L977) on the tunic reaction of Ciona intestinalis (a solitary

ascidian) to erythrocyte injections. In C. intestinalis, animal-s that

developed a "blistel", or lesion generally died, whereas q. leachii

col-onies were able to wall off the afflected alea. Although this

created a hole in the colony, it did not appear to disrupt growth in

other directions.

5.1 The adhesion of e thro tes to B. Ieachir tes in vitro.

The development and standardization of the in vitro culture of

B. leachii haemocytes permitted detailed investigations to be carried

out concerning the question of whether or not the ll\-2 molecule, the

sheep erythrocyte agglutinin, has any role in facilitating recognition

of these cells by the haemocYtes.

B. teachii haemocytes are very fragiJ.e in vitro but with care it

was possible to obtain consistently good monolayers. Haemolymph was

collected into siliconised tubes on ice; the cells were sedimented by

gentle centrifugation and washed with BSS at 40. A gentle washing

procedure was critical for good monolayers. The cells were iSsned by

centrifuging (using a swing out head) at. I50 g for 5 min and gently

resuspending in BSS. At the final washing the cells were resuspended

in Bot lloides cel-I culture medium (BCCM) and added to wells

containing a glass coverslip. The extent of adhesion to the coverslip
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varied according the the coJ.ony from which the cerLs were taken,

although the addition of I x 106 haemocytes was usuaÌIy sufficient to

produce a monolayer of the required density. Although the in situ

temperature for these animals is around 12 - l7o, all long-term

incubations (longer than 15 min) were carried out at 40 . At 40 the

cells spread and adhered to the coverslips; raising the temperature to

I5o resul-ted in a loss of cells from the monoJ-ayer.

Difficulties arose when erythrocytes were added to monolayers

for rosetting experiments. Originally I.5 x lOB erythrocytes in t ml

of BCCM were added to each washed monolayer and the cells were

incubated together for I hr at 40. This procedure caused massive

agglutination of the erythrocytes and attempts to wash away the

aggregates resulted in the loss of substantial numbers of ascidian

haemocytes. The culture medÍum alone did not cause agglutination,

hence the f,actor responsible must have been released from the

haemocytes. l,lhen the number of erythrocytes added to each well was

reduced to 3 x LO7, the problem of agglutination was overcome and

good rosettes were obtained.

The solutions used in the handling of these cells were deveJ.oped

after measuring the concentrations of the major cations in haemolymph

and the total osmolarity of haemolymph. Ebtrylloides säft solution

(BSS) consisted of a buffered (pH 7.O) solution ofl salts, the

concentration of salts being chosen so that the cation composi-tion and

the total osmolarity of the solution mimickêd that of haemolymph. fhe

culture medium (BCCM) was modified from that developed by Warr et aI.

(L977) for culturing Pyura stolonifera cells. Dulbeccors modified

Eagles medium was used as a nutrient source ryith extra salts being

added to adjust the concentration of ions and lhe osmolarity to that of
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B. leachii haemolymph. The compositions of these solutions are given

in Chapter 2, Sections 2.L7.I and 2.L7.2.

5.3.L The effect of suqa rs on the adherence of ervthrocytes to

haemocytes.

As the HA-z agglutinin was specific for lactose (Chapter f and

Schluter et al., 1981), the adhesion of sheep erythrocytes lo ascidian

cells, if mediated via this molecule, shouJ.d also have been inhibited

by J.actose.

Eighteen ascidian ceII monolayers, six for each treatment, were

prepared as described (Chapter 2, Section 2.L8.2). The coverslips with

their adherent cells were washed in BSS and incubated in wells

containing 0.5 mI of either 0.25M lactose, 0.25¡"1 glucose or BCCM. The

sugars were dissolved in distilled water to yield solutions iso-osmotic

with haemoJ-ymph and then diluted in BCCM. The monolayers were

incubated for 15 min at room temperature. They were then divided into

two groups of nine monolayers, each group containing triplicate

monolayers for the three treatments. MonoJ.ayers of group I received
-l

3 x 10' erythrocytes which had been sensitised with one

haemagglutinating unit (I HAU) of purified ll\-2 agglutinin, while

monolayers j-n the second group received 3 x 107 'unsensitised

erythrocytes. The erythrocytes were added to each well as a cell-

suspension in 0.5 ml of the incubating solution currently bathing that

monolayer i.e. either O.25 M lactose, O.25 M glucose or BCCM. AII

monolayers were then incubated flor I hr at 40 after which the

coverslips were removed, washed in BSS, fixed Ín methanol and stained

with Wright 's sta j-n.

For the purpose of scoring the rosettes, the ascidian ceLls were

divided into four categories on the basis of their appearance after



101_,

staining. These were: rrred stained cel.l-s", "dark blue celIs", "small

blue cel-Is" and "others'r. The categories rrred stained celf s" and

"small- bl,ue cel-l-s" represented apparently homogeneous cell populations,

but two different types of evenly stained cells were incl-uded in the

"dark blue cells" category (see Fig 5.2). For each slide, the ascidian

cells visible in three randomly chosen fields (mag.600x) were counted,

with cell-s being scored as posÍtive if they had four or more adherent

erythrocytes. This experiment was repeated and the results of both

experiments are displayed in Table 5.I.

The statistics for this and similar subsequent experiments were

performed on the unpooled oata expressed as the percent of positive

cells within each cell type. Two of the assumptions that the data

shoul-d satisfy before they are anaJ-ysed by an anaJ.ysis of variance are

normality and homogeneity of variances. Percentage data are non-normal

a priori; the common procedure for dealing with data of this type is to

use the arcsine transformation. This transformation stretches out both

tails ofl a distribution and compresses the middl-e. If the percentages

in the original data are cl-ustered around the centre of the

distribution, i.e. between tO and 70%, then it is generalJ.y not

necessary to apply the arcsine transformation (Sot<a1 d( Rohlf, 1969) .

The data obtained from the above experiment and similaf subsequent

experiments, although not confined to the 30 - 70% range, are

concentrated around the centre of the distribution. Hence, the effect

ofl an arcsine transformation is likely to be minor. In all experiments

the variances of the original data were shown to be homogeneous by the

Cochran test (Winer , 1962). The C statistics obtained after the data

were subjected to an arcsine transformation were larger than those of

the orig.1nal data, indicating greater heterogeneity of variances after

transformation. For this reason and because the sampling distribution



FIGURE 5.2 The effect of sugars on the adhesion of erythrocytes to

B. Ieachii haemocytes. Adhesion was performed in the presence of: no

sugar (A), 25 mM lactose (B) or 25 inM glucose (C). Haemocytes of

dÍfferent types were placed in four categories for scoring purposes and

representatÍves are shown. "Red staining" cells (R),

rrDark blue cells" (DB), "Snall blue cells'r (SB). (mag 460x (A), and

480x (B) & (c)).

A. Adhesion of erythrocytes when no sugar waradded.
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FIGURE 5.28 & C The effect of adhesion of erythrocytes to B. Leachii

haemocyles.

B. Adhesion in the presence of 25 mM lactose.

C. Adhesion in the presence of 25 nM glucose.
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TABI-E 5; I

Incubation

conditions

BCCM (control) Itf

II

BCCM & I

25 mM glucossS II

BCCM &

25 nM Lactose

Red cells

74.3L + I.47

68.29 + 0.87

82.69 + 0.63

72.24 + l.2I

25.44 + I.79

25.06 + 2.I3

4L.3O + 8.33

34.vI ! 2.37

38.22 + 5.O3

I2.4e ! O.79

14.97 + 2.87

26.53 ! 2.o3

18.0I + 2.69

24.IO + 6.97

30.25 + 4.43

L2.65 + 3.95

75.18 + 5.86

33.63 + 4.5O

28.8;D + L.96

t5.76 + 2.49

14.24 + 5.O3

L2.29 + O.53

48.93 + O.77

49.22 + 3.O4

47.OL + 2.58

48.78 + L.69

L7.69 + 1.83

l8.t7 + O.97

no. of cel.Is

counted

1100

1470

1I15

Il98

TL47

I376

The adhesion of HA-2 sensitised and unsensitised erythrocytes to different types of B. leachii

haemocytes in the presence of lactose or glucorr.*

UNSENSITISED ERYTHROCYTES

Type of ascidian cell@: Overall %

Dark blue 9nall blue Other positive cellslÉ

43.12 + 4.9

I

TI L6.32 + 2.23

* Figures in the body of the table are mean + standard error of the percent of positive cells within a celL type
from three replicate slides.

@ As determined by their appearance with f,lright's stain.

lÉ The number of positive cells as a percent of all cells counted.

1[ Duplicate experiments (I & II).
S Aff sugar solutions were iso-osmotic with B. leachii haemolymph.



TABLE 5.1 cont.. The adhesion ofl HA-2 sensitised and unsensitised erythrocytes to different types of B. Leachii

haemocytes in the presence of lactose or gluco...*

SENSITISED ERYTHROCYTESd

Incubation

conditions

BCCM (control) Itt

II

Type of ascidian cell@:

Red cells

BCCM ó(

25 mM glucoseS

BCCM 6(

25 nl"l lactose

75.93 + I.75

74.64 + I.76

80.76 + l-.05

74.34 + 2.63

29.2L + 2.44

27.95 + 4.23

39.02 + 4.2I

40.55 + 5.'76

ll.8l + I.I7

42 7L + 2.75

8.78 + 4.49

16.78 + 4.58

29.58 + 2.L7

32.93 + 2.67

2I.64 + I.67

33.3L + 1.08

9.43 + O.B8

17 .I4 + 5.23

29.35 + 2.56

32.12 + L.42

26.52'+ I.3L

38.79 + 4.56

15.47 + 2.O2

15.98 + 2.33

46.90 + L .0f

48.15 + O.57

45.39 r 0. a5

50.69 + 2.O3

18.04 + 1.04

20.69 + 3.68

no. of cells

counted

L225

1188

LL39

IL52

LT25

I372

Overall %

Dark blue 9na]l blue Other positive cellsiÊ

I

II

II

I

* Figures in the body of the table are mean + standard error of the percent of positive cells within a ceIJ. type
from three replicate slides.

d Erythrocytes were sensÍtised with I HAU of purified l-lA-2 agglutinin before being added to the ascidian ceIls.

@ As determined by their appearance with fvright's stain.

lÉ The nunber of positive cells as a percent of all cells counted.

1[ DuplÍcate experJ-ments (I ð( II).
S nf:, sugar solutions were iso-osmotic with B. tu""nn haemolymph.



102.

of the F ratio is relatively insensitive to moderate departure from

normality (Winer, 1962) it was decided to perform flactorial analyses of

variance on untransformed data.

Since, as indicated above, the variances ofl the data presented

in Table 5.r were shown to be homogeneous by the cochran test

(c = 0.124 where K = 48 and n - 3) (winer, 1962), a 4-factor analysis

of variance with replication was performed on the untransformed data

(Tab]e 5.2). This analysis indicated that the two experiments did not

produce identical results. There was a significant interaction between

cell types and experiments (f - 6.2, p < 0.0I) indicating that

differences between experiments existed in the adhesion of erythrocytes

to certain types of cerls. As can be seen from Table 5.1, experimenl 2

did show a slight increase in the numbers of positive cells in the

categories "smarl blue cefls" and "others' with a corresponding

decrease in the nwbers of positive rrred staining celfs" relative to
that of the first.experiment. Nevertheress, as indicated by the

non-significance of both the (Experiments x Sugars) and (Experiments x

sensitisation) interaction terms, the overarl effect of both the

addition of sugars and the sensitisation of erythrocytes was the same

flor both experiments.

The sensitisation of erythrocytes did not signiflicàntly affect

the percent of positive cells within any of the ceII types

(Table 5.2). The factor(s) causing adhesion must therefore have been

present on a washed monolayer.

Because the sugars did not uniformly affect the adhesion of

erythrocytes to all celr types, shown by the significant

(Cett type x $gars) interaction (f - 18.01, p < 0.0I) , the

interpretation of the main effect due to the sugars was rather

difficult. In an effort to determine how each sugar affected the



TABI-E 5.2 Factorial analysis of variance sunmary table.

(analysis of data from TAEII-E 5.I)

Source of variation SS dT r4s F

l.4ain ef fects:
CeII type/É

Experiments (r¡p¡S

Sensitisation (5s¡s¡ //

Sugars/l

Interaction terms:
CeJ-l type x Exp.

CeII type x Sens.

Cell type x Sugar

Exp. x Sens.

Exp. x Sugar

Sens x Sugar

CeII type x Exp. x Sens.

Cell type x Exp. x S-rgar

CelI type x Sens x Sugar

Exp.xSens.xSrgar

Cell type x Exp. x Sens. x Sugar

Error:
Within cellf

28615.85

238.t24

t.0B

23290.46

653.35

64.63

5679.OL

88.63

65.LO

18.02

29.9L

316.O2

85.97

30.96

76.62

J355.78

9538.62

238.72

I. OB

IL645.23

2L7.78

2I.54

946.5

88.63

32.55

9.0I

9.97

52.67

14.t3

15.48

12.77

t2.96

43.9*x

6.9**

I

35l.Bxx

3

1

I

2

3

3

6

6.2xx

2.2

lg.0r**

I

2

2

3

6

6

2

6

96

2.5

t
I

I

1.5

L.L2

I

I

Total- 62610. I43

/É Fixed factors.

S Random factors.

** Probability < 0.01; all other probabilities > 0.05.

fn=t



I03.

adhesion ofl erythrocytes to particular types of cells a

Student-Newmans-KeuLs test (æXat & Rohlf, L969) was performed on the

mean percent ofl positive cells determined for each cell type and each

sugar treatment. These means were calculated afler pooling results

from both experiments I & II and the results of the sensitised and

unsensitised erythrocyte treatment. This test indicated (lable 5.3)

that within each sugar treatment, signiflicantly more "red staining

cells" had adherent erythrocytes than did the other types of cells.

Furthermore the numbers of positive "red staining cells[ in the contro]

and glucose treatments were significantly greater than those found for

any of the other cells. This analysis also revealed that gJ-ucose did

not alter the numbers of cells with adherent erythrocytes, since within

a cell type the means for the glucose and control (no added sugar)

treatments were not significantly diflferent. Lactose, howevet, did

signiÊicantly reduce the adhesion of erythrocytes to the ascidian

cells. Erythrocyte adhesion, in the presence of lactose, was reduced

to levels signilicantly below that observed for the glucose and control

treatments for aII cells other than the I'red staining celLs", which

nevertheless exibited markedly lower adhesion in the presence of

Iactose than that observed for the control or glucose treatments.

5.3.2 The effect of anti-l1A-2 in'r,mrnroqlobulin on the adhesion of

erythrocyt es to haemocytes.

Although lactose inhibited the adhesion of erythrocytes to

ascidian haemocytes, this result could be explained without involving

the l-lA-2 mo.l-ecule. For example, adhesion might have been mediated by a

Iactose-specific molecule other than the ll\-2 agglutinin or,

alternatively, Iactose may have interfered with erythrocyte binding in

a non-specific manner, perhaps by altering the properties of the cell



TABI-E 5: i Results of a Student-Newman-Keuls test performed on the
ìf

data from TABLE 5.I

Type of
haemocyte Sugar of

lhe %

ve cells Significanceof
ti

l.þan
S1po

Red cell-s

Red cells

Dark Blue

Dark Blue

0ther

0ther

Snall blue

9nall blue

Red cells

0ther

9naII blue

Dark blue

Glucose

None

I'lone

Glucose

l',lone

Glucose

None

Glucose

Lactose

Lactose

Lactose

Lactose

77.5

73.3

41.0

36.86

32.57

32.47

3I.7 6

27.32

26.9I

T4.4L

13.89

13.26

* The analysis was performed on the data from Table 5.I after pooling
the results from experiments I & II and the Sensitised and
Lhsensitised erythrocyte treatments. The groups are arranged
according to the descending order ofl their means. The lines join
groups with means not signiîicantly different at the l% Ievel of
signi ficance.
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surfaces e.g. hydrophobicity, or by binding to the haemocyte membrane

in such a way that although unoccupied, the sites flor erythrocyte

adhesion were less accessible. In an eflfort to eliminate such

alternative explanations, a rabbit antiserum directed against the l1A-2

agglutinin was tested for its capacity to inhibit adhesion.

lnbnolayers of haemocytes (three replieates for each treatment)

were incubated for 30 min at room temperature in I mI of a 1:I0

dilution in BCCI4 of a rabbit antiserum specific for either the HA-2 or

the HA-l agglutinin, or for mouse IgG. AIso included were monolayers

in I ml of BCCM without antiserum. The purpose ol the HA-l antiserum

was as a specificity controJ- in addition to that provided by the rabbit

anti-mouse immunoglobulin, for since the HA-l agglutinin cannot bind to

sheep erythrocytes there seemed litt1e likelihood that this agglutinin

was involved in the adhesion ofl these cells. After incubation, 0.5 ml

of medium was removed and I x LO7 unsensitised erythrocytes were

added in 0.5 mI of fresh antisenm, of the same. specificity as the

previous incubation (diLuted l:I0 in BCCM). The monolayers were then

incubated flor I hr at 4o, washed and fixed (Chapter 2, Section

2.L8.3). Examination of these monolayers reveal-ed that all the rabbit

antiserum irrespective of specificity had inhibited erythrocyte

adhesion to about the same extent. It was suspected that this

inhibition of adhesion was caused by glycosylated proteins in the

rabbit antisera. It was important for this experiment that IgG

immunoglobulins, themselves being glycoproteins (Winkelhake, L978), did

not inhibit HA-2 activity by its binding to their oligosaccharide

units. Accordingly whole rabbit serurn and purified rabbit IgG

immunoglobulins were tested for their ''ability to inhibit the

agglutination of sheep erythrocytes by purified l1A-2. The results,

summarised in Table 5.4, demonstrated that whole rabbit serum did



TABI-E 5.4 The effect of rabbit anti-serum and purified rabbit

Immunoglobulin on the agglutination of sheep erythrocytes

by purified l1A-2x.

Sample tested for inhibition Inhibitory
Titre.

Rabbit anti-sera:

IgG preparations f

anti FIA-I

anti mouse IgG2a

anti LBP-f

anti mouse IgGä

anti mouse IgG

anti mouse Cf

1: l6

l:I6

(8.5 mg/ml)

(1.4 mq/ml)

(O.25 mg/ml)

(9.0 mglml)

NI

NI

NI

NÏ

x SeriaL two-fold dilutions, from neat, of rabbit serum or IgG in a
microtitre tray were each mixed with an equal volume (ZS vI) of
purified HA-2 agglutinÍn diluted I:4,000 (4.5 haemagglutinating
units) and 50UI of sheep erythrocytes (0.5Yo v/v in saline). The
diLuent was TSA pJ.us 5 mM EDTA and 0.I mglml BSA. Agglutination was
assessed after 2 hr at room temperature

f IgG purified from rabbit serum by octanoic acid treatment (Steinbuch
& Audran, L969).

NI = not inhibited
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indeed inhibit HA-2 activity whereas puriflied rabbit rgG, at

concentrations similar to those of whole serum (B J.0 mg/ml), had no

effect. IgG preparations puri.flied from rabbit sera by octanoic acid

treatment (Steinbuch & Audran, 1969) were therefore used in subsequent

experiments.

The earlier experiment was now repeated using IgG preparations

from rabbit antisera specific for the HA-2 agglutinin, LBP-I and mouse

IgG2b, each being tested for its capacity to inhibil the adhesion of

erythrocytes to B. leachii haemocytes. The anti-LBP-l antibody used in

this experiment reacted strongly with both the LBP-I molecule and the

HA-l agglutinin, since these share a common subunit (Sch]uter, L9B2;

Ey, personal comm. ). The experimental procedure was the same as

before, with triplicate monolayers flor each antibody treatment plus

three for the BCCM treatment where no antibody was added. Each rgG

preparation was diluted l:10 in BCCM as before. The results of thÍs

experiment (Tabre 5.5) suggested that both the anti-FtA-2 and the

anti-LPB-f immunoglobulins were inhibitory and the experiment was

therefore repeated with the following immunoglobulin dilutions:

anti-HA-2, I:10, I:50 and L:2OO; anti-LBP-3, l:I0 and I:200, and

anti+nouse IgG2b, l:10 and I:50. Each diLution was tested on

triplicate monoJ-ayers. These results are included in tabte'S.¡.

When the protein concentrations ofl the IgG preparations were

determined it was apparent that the anti-mouse IgG2b preparation had

less protein than the other preparations. Thus to make a valid

comparison between treatments, statistical analyses of experiment II
only included data from the inmunoglobulin treatments where the protein

concentrations were approximately equal (i.e. anti-HA-2, dilution I:200

(0.059 mglml protein); anti-LBP-], ditution r:200 (o.o43 mglmr protein)

and anti-mouse IgG2b, dilution l:10 (0.f4 mglml protein) ) . As the



TABLE 5.5

Anti-IgGd tested
for inhibition
of adherence Red cells

No anti-IgG ltf 53.62 + 3.o5

II 65.02 + 2.I

anti mouse IgG2b (1.4 mg/ml) diluted:
I: l0 I 50. 42 + 2,IB

1:I0 II 55.88 r 0.89

I:50 II 57.L5 +I.8
anti HA-2 (l-1.7 mg/mJ.) diluted:

1:10 I- L2.82 ! 2.L4

1:I0 II 5.44 + O.85

l:50 II 9.33 + I.I5
l:200 II 43.63 + I.76

anti LBP-I (8.5 mg/mJ.) diluted:
l:10 I I2.6f+0.8
I:10 II 7.39 + O.45

I:2OO II 49.56 + 2.94

Dark blue Srnall blue 0ther

The effect of different rabbit immunoglobulin preparations on the adhesion of unsensitised

erythrocytes to difl erent types of B. Ieachii haemocytes.*

Type of ascidian cell-@: - Overall %

positive ceLlsiÉ

39.90 + 5.I3

4I.83 + 6.17

29.4J + 4.18

28.47 + B.0l

43.7O + L.96

6.00 + 3.4

0+0
2.22 + 2.22

35.12 + 2.87

12.18 + 3.04

3.9O + 2.O9

36.II + L.39

29.38 + L.59

36.83 + 6.01

29.22 + 0.84

3I.9I + 3.5

43.87 + 2.88

33.36 + 4.4

52.79 + 3.7

35.39 + 0.91

47.69 + 3.66

43.27 + 5.I2

43.32 + 2.44

53.04 + 0.7

4I.32 ! I.23

45.89 + 1 .19

49.25 + 2.97

9.77 + L.43

4.65 + O.52

LO.56 + 0.55

36.72 + I.54

10.90 + O.99

6.07 + O.73

39.O2 + 0.41

no. of cel.ls

counted

745

800

873

836

851

862

8I4

888

847

935

918

749

7.36

6.57

9.O7

20.28

I.22

2.06

1.86

2.O3

6.89

2.72

L4.57

42.57

1.78

o.79

2.75

2.93

+

+

+

+

+

+

+

+

4.98 + 2.O8

3.4L + 2.O2

23.66 + 5.O2

12.33 + 0.9I

7.I3 + I.39

35.06 + 1.59



* Figures in the body of the .tab1e are mean + standard error of the percent of positive cells within a cell type
from three replicate slides.

d ImmunoglobuLin prepared from rabbit anti-sera by octanoic acid treatment (Steinbuch & Audran, 1969).

@ As determined by their appearance with Wrightrs stain.

/É The number of postive cells as a percent of aII the cells counted.

!f Duplicate experiments ( I & II) .
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variances were shown to be homogeneous by the Cochran test (C = 0.26,

where K = 16 and n = 3), the analyses were performed on the

untransformed data. A two-factor analysis of variance (with

replication) indicated that there were significant differences between

both treatments (F (t,tz) - t0 .442, P < 0.001) and cell types

(F çl,tz) - 3I.6J, P < 0.00I). A Student-Newmans-Keuls test was

perflormed on the means for each IgG treatment and the BCCM treatment,

calculated after pooling the data for all cell types. This anal.ysis

indicated that the haemocytes not exposed to antibody (BCCM treatment)

had signiflicantly more adherent erythrocytes than haemocytes exposed to

antibody (p < 0.01). None of the immunoglobulin treatments were

significantì-y different from each other. It should be noted that at a

I:I0 dilution, the anti-mouse IgGZo preparation contained 2-3 times

more protein than a 1:200 dilution of the other two IgG preparations.

It was therefore possible that the slight inhibition of erythrocyte

adhesion detected with the anti-IgG2b inmunoglobulin was the result of

a high protein concentration rather than a specific effect. Thus, it

would be unwise to make conclusions as to the specificity or otherwise

of the inhibitory effects of the immunoglobulins from these data.

The problem regarding the specificity of the inhibitory effects

of the immunoglobulins was finally resolved by repeating the experiment

using the same experimental protocol, but using immunoglobulin

preparations which all had a final concentration of O.35 mglml of

protein. This concentration was chosen firstly because it lay within

the range where the anti-HA-2 and the anti-LBP-l preparations appeared

to inhibit erythrocyte adhesion (table 5.5) and secondly because the

anti-mouse IgGZo preparation at this concentration did not inhibit the

agglutination of sheep erythrocytes by pure HA-2 aggJ.ulinin (Table 5.4).
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The data flrom this experiment (TabLe 5.6) again satisflied the

assumption of homogeneity ofl variances (Crochran test, C = 0.145,

K = 16 and n = f) and were analysed initiaJ.ly by a two-factor analysis

of variance but since the (Cett type x Immunoglobulin treatment)

interaction was significant (F çlrlz¡ - 5.37, P < 0.00I) a

Student-Newmans-Keul-s test wàs performed on the means presented in

Table 5.6. As with the sugar inhibition experiment (Section 5.3.I),

this test indicated that within each treatment there were significantly

more "red staining cells" with adherent erythrocytes than was observed

for the other types of cel]s (table 5.7). The effect of the various

immunoglobulin preparations on adherence was now quite cÌear-cut. The

immunoglobl-uin treatments fell into two significantly different groups,

adherence in the presence of anti-HA-2 and anti.-LBP-f antÍbody being

significantly less with al-I types of cells than that flound with either

the BCCM treatment or anti.-mouse IgG2b antibody. In addition, within a

cell type the anti-HA-2 and anti-LBP-f immunoglobulins inhibited

adhesion to a similar extent, while the anti-mouse IgG2b and the BCCM

treatment (no immunoglobulin) also produced an equivalent Ievel of

adhesion for each type of cell. From these data it was clear that the

adhesion of erythrocytes to ascidian cells could be inhibited by

antibody directed against either the ll\-2 molecule oì the LBP-I

molecul-e. This efflect appeared to be specific, since the sarne

concentration of anti-mouse IgG2b immunoglobulin did not inhibit

adhesion. The inhibitory effect of the anti-HA-2 immunoglobulin can be

seen in Fig 5.1.



FIGTJRE 5.3 The effect of rabbit inmunoglobulins on the adhesion of

erythrocytes to q. leachii haemocytes. Adhesion was performed in the

presence of IgG preparations containing antibodies of the following

specificJ.ty; anti-HA-2 (A), anti-LBP-f (B), anti-mouse IgGb (C), no

imrnunoglobulin (D). Haemocytes of different types were placed in four

categories for scoring purposes and representatives are shown. rrRed

staining" cells (R), "Dark bLue cells" (DB), "Srnall blue cellsrr (SB).

(mag 280x).
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The effect of different rabbit immunoglobulin preparations on the adhesion of unsensitised

erythrocytes to B. leachii haemocytes.*

Anti-rgCC tested Type of ascidian cell@: Overall %

TABLE 5.6

for i.nhibition
of adherence

Anti-IgGb

Anti-HA-2

Anti-LB,P-3

Red ce1ls Dark blue 9nall blue 0ther positive cellslÉ

no. of cells

counted

lllo immunoglobulin 75.58 + 0.71 4L.62 + 4.22 47.79 + I.07 5L.33 + O.fl 6L.26 + O.72 L230

1264

I206

L258

80.16 + 0.84

22.23 + 0.8I

29 .16 + 3.36

50.5I + 3.52

16.6I + L.28

L6.44 + 2.OI

49.24 + f .08

10.01 + 2.32

16.11 + 4.2O

57.56 + 2.34

L3.I2 + 2.69

17.10 + 2.79

66.86 + l.ll

17.65 + l.fl

23.15 + 2.O4

* Figures in the body of the table are mean + standard error of the percent ofl positive eells within a ceII type
from three replicate slides.

d ImmunoglobuLin prepared from rabbit anti-sera by octanoic acid treatment. AIt immunoglobulins were tested at a
final concentration of 0.35 mg/ml.

@ As determined by their appearance with Wright's stain.

# The number of positive cel,Is as a percent of all the cells counted.



TABI-E 5.7 Results of a Student-Newmans-Keuls test performed on the

means displayed in Table 5.6x.

Type of
haemocyte

Specificity of the
immunoglobulin

Signi ficance

Red cells

Red cells

0ther

0ther

Dark blue

9nal1 blue

gnall blue

Dark blue

Red cells

Red cells

0ther

Dark blue

Dark blue

Srnall blue

0ther

9nall blue

anti+nouse IgG2b

no IgG

anti-mouse IgG2b

no IgG

anti+nouse IgG2b

anti-mouse IgG2b

no IgG

no IgG

anti-LBP-f

anti-t-lA-2

anti-LBP-f

anti-FlA-2

anti-LBP-l

anti-LBP-I

anti-l-lA-2

anti-l-lA-2

* The groups ale arlanged in decending ordet, i.e. the group with the
Iargest mean appears at the top of the list. Lines join groups with
meañs not significantly different at the 5% level of sigificance.
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5.3.3 The specificit of the anti-LBP-f and anti-M-2 antibodies.

The ability of the anti-LBP-f immunoglobulin to inhibit the

adhesion of sheep erythrocytes to ascidian cells was somewhat

unexpected since sheep erythrocytes do not have binding sites for the

LBP-I molecule (P.L. Ey, personal communication). One possible

explanation was that the anti-LBP-3 immunoglobulin preparation reacted

with the HA-2 agglutinin. This was examined using an agglutination

enhancement assay. The basis of this assay is that erythrocytes coated

with sub-aggJ-utinating doses of an agglutinin can be made to

agglutinate by the addition of an antibody specific for the coating

morecule. The antibody binds to the aggrutinin on the erythrocyte

surface and so c¡osslinks the cells. If the erythrocytes are coated

with a constant amount of agglutinin then it is possible, by titrating
the antibody, to quantitate the extent to which antibodies of different

specificity react with the agglutinin.

Sheep erythrocytes were sensitised with O.25 HAU of purified

HA-z agglutinin, washed three times in saline and resuspended to a

concentration of 0.5% (v/v) in saline. The immunogJ-obulin preparations

(anti-l-tA-2, anti-LBP-f and anti-mouse rgc2b) were each diluted in
serial 2-foLd steps in HA-z diluent (Chapter 2, Section 2.6),

commencing with a l:10 ditution, and mixed with an equal uoiumu (sour)

of the erythrocyte suspension. Because the cells were sensitised with

HA-2, any agglutination would indicate the presence of antibody which

had bound and crossrinked the HA-z morecures. Ofl the three

immunoglobulin preparations tested, only the anti-HA-2 produced any

agglutination and this preparation retained its agglutinating activity
until diluted beyond I:160.

A more sensitive enzyme-linked irnrnunosorbent assay (tlfSn¡,

carried out by Dr. P.L. Ey, indicated that the activity of the
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anti-LBP-f preparation for the HA-2 molecuLe was less than O.O2% that

of the anti-HA-2 preparation, on a protein weight basis. This finding

confirmed the agglutination-enhancement result and showed clearly that

the inhibitory activity of the anti-LBP-) preparation in the

erythrocyte adhesion experiment (TabLe 5.6) could not have been caused

by antibodies in the preparation binding to HA-2 molecules. It is ofl

interest to note that the reciprocal activity, i.e. of the anti-M-2

antibody for the LBP-I molecule was O.55% that of the anti-LBP-f

preparation, also measured by ELISA. This slight but nonetheless

significant cross-reactivity may have been due to minor contamination

of the preparations, rather than genuine antigenic cross-reactivity

between the two agglutinins.

It was clear from these data that the anti-LBP-f antibodies must

have inhibited the adhesion of erythrocytes to ascidian cells through

means other than by binding to ll\-2 molecules which may have been

present on the surface of the haemocytes and perhaps also the

erythrocytes. Since sheep erythrocytes cannot bind LBP-J molecules,

the effect of the anti-LBP-f antibody probably occurred by binding to

LBP-I or HA-I molecules on the ascidian ceII surface. The binding ofl

these antibodies to cell-associated LBP-3/HA-l molecules may have

thereby affected the availability of HA-2 molecules.

5.4 An investiqation of the surface of B. leachii haemocytes with

fluorescent anti-FlA-2 and anti-LBP-3 immunogloblulins.

The results of the previous sections supported the notion that

the adhesion of sheep erythrocytes to 9.. Ieachii haemocytes was

medialed via the HA-2 agglutinin. l-1owever, nothing was known as to l-ow

the agglutinin became bound to the haemocytes. Because unsensitised

erythrocytes, as weII as those sensitised with HA-2 aggJ.utinin, adhered
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to washed ascidian cell monolayers (Section 5.3.I), it appeared likely

that HA-2 mol.ecul-es were present on the surface of the ascidian ceLLs.

It also seemed probable that molecul-es of LBP-f or l-lA-I were l-ocated on

the surface of washed ascidian haemocytes, since the inhibition of

sheep erylhrocyte adhesion by antibodies specific for LBP-3/HA-L was

most readily explained by assuming that these antibodies bound to LBP-f

or HA-] moLecuLes on the ascidian cells. The occurrence of these

molecules on various B. leachii haemocytes was investigated by

fluorescence microscopy using fluorescein-labelled IgG from the

diflferent rabbit antisera.

Immunofluorescence was performed on monolayers of ascidian

haemocytes prepared and washed as described (Chapter, Section 2.I8.2).

Duplicate monolayers in 0.5 ml of BCCM were incubated with 50 ul of

fluorescent immunoglobulin specific for one ofl the following proteins:

LBP-3/I1A-L, ffi-2, or mouse IgGl. The protein concentration of these

immunoglobulin preparations was I.O2 mg,/ml , O.7B mg/ml and O.72 ng/nL

respectively. Incubation was at 40 for 30 min after which the

monolayers were washed and mounted in BSS for observation. Both living

and fixed cells were used for fluorescent labelling, there being no

detectable difference between the labelling patterns for the two

methods. When unfixed cells were labelted, it was necessary to fix

these cells before observing them under ultra violet light, in order to

prevent ceJ.l lysis. The fixation procedures and the preparation of the

fluorescent immunoglobulins are given in Chapter 2, Section 2.2L.2 and

2.2L.L.

Experiments of this type consistently produced good cell surface

fluorescence with the anti-LBP-l immunoglobulin (Fig 5.4 and Fig 5.5),

but no fLuorescence was detecied using the lluorescent anti-l-lA-2 or

anti-mouse IgGl immunoglobulins (fig 5.4). The latter two fluorescent



FIGURE 5.4 B, Ieachii haemocytes i.ncubated with: fluorescein-labe1led

anti-LBP-] immunoglobulin (A); fLuorescein-labelled anti-t-tA-2

inmunoglobulin (B); or l-lA-2 agglutinin foLlowed by a further incubation

with fluorescein-labelled anti-HA-2 (C). To indicate the extent of

fluorescence, the adjacent photograph shows the same cells as they

appeared with white tight under phase contrast.

The yellow fluorescing cells were autofluorescent. (mag 32Ox).
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FIGURE 5.5 B. leachii haemocytes incubated with flluorescein-l-abelled

anti-LBP-3 Ímmunoglobulin. Figs (A) and (B) show the fluorescence of a

number of different types of cells. (mag 1,500x).
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antibody preparations were shown to be active by adding them to

suspensions of erythrocytes sensitised with either the HA-2 agglutinin

or mouse IgGl anti-sheep erythrocyte antibodies. In both cases, the

appropriateJ.y sensitised erythrocytes became strongly fluorescent while

unsensitised cells remained negative.

Photographs of four randomly chosen lields (mag 400x), each

field being photographed with both phase contrast or ultra violet

light, were used to calculate the percentage of cells showing

fluorescence. 0f the 529 cells counted, 26.6% were seen to fl-uoresce

with labelled anti-LBP-l immunoglobulin.

5.5 An examination of the adhesion of erythrocytes to B. leachii

haemocytes usinq immunofluorescence.

The fact that there was no detectable fl-uorescence with

anti-HA-2 immunoglobulin suggested that very tittle l-lA-2 agglutinin was

present on the surface of ascidian haemocytes. Since the evidence

indicated that the HA-2 agglutinin was mediating the adhesion of

erythrocytes to ascidian cells, this molecul-e should have been

detectable on monoJ-ayers of ascidian cells to which unsensitised

erythrocytes had attached. This was examined in the following

experiment.

Lhsensitised sheep erythrocytes were added to washed monolayers

of B. leachii haemocytes and the pJ-ates were incubated at 40 for I hr

to al-Low time for adhesion to occur. The monolayers were then washed

with BSS to remove unbound erythrocytes and incubated with 50 ul of

fluorescent anti-HA-2 immunoglobulin in 0.5 ml of BCCM for 30 min at

4c . Control monolayers, which had not been mixed with erythrocytes,

were incubated with fluorescent anti-FlA-2 or anti-mouse IgGJ.

immunoglobulins. Following incubation with the f.l.uorescent
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immunoglobulins, the cells were washed, fixed in 2.5% (w/v)

paraformaldehyde for f0 min at 40 and mounted in BSS for observation.

No fluorescence was detectable on the control monoJ.ayers but the

experimental monolayers, in contrast, had brightLy fluorescent

erythrocytes adhering to, in most cases, non-fJ-uorescent ascidian cells

(Fig 5.6). This fluorescence could onJ-y have been due to the labelled

anti-FlA-2 immunogtobulin binding to HA-z molecules on the surflace of

tl-ie erythrocytes. As the erythrocytes tvere not sensitised with

agglutinin before adding them to the monolayers and normaL sheep

erythrocytes did not fluoresce, it was concluded that the ascidian

cells were secreting HA-z molecules which bound to the erythrocytest

sensitising them for adhesion. Accordingly, ascidian haemocytes should

have receptors for the HA-2 aggJ.utinin on their surface.

It was particutarJ.y important in terms of testing the proposal

that the HA-z agglutinin functions as an opsonin in 9. leachii, to

determine whether or not receptors for this agglutinin did in fact

occur on the surface of some haemocytes. To test this point ascidian

cell monolayers were incubated with 0.5 ml of fLuorescein-labelled lA-2

agglutinin. This preparation had a protein concentration of 0.12 mg/ml

and a sheep erythrocyte agglutinating titre of L/4OO, which is

approximately 3-4 times greater than normal- haemoì.ymph. It tltas

anticipated that 1f receptors for the HA-2 aggJ-utinin were present on

the surface of the cells then fluorescence would be observed. This was

not the case. The control monolayers, incubated with fluorescent

anti-l,tA-2 immunogJ-obuJ.in, were also negative whereas those incubated

with fluorescent anti-LBP-3 immunoglobulin exhibited good fl-uorescence

as had been previouslY observed.

0n the basis of these results, it was postulated that if

receptors for the HA-2 agglutj.nin did exist on the surface of certain



FIGURE 5.6 The adherence of fl-uorescein-labelled anti-FtA-2

immunoglobulin to unsensitised sheep erythrocytes on a monoj.ayer of

B. leachii haemocytes. Magnification 46ox (A) and r,toOx (B).
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haemocytes, then they must have either bound free l1A-2 molecules with

l-ow affinity or been present in such low numbers that the amount of

labelled HA-2 which bound to them was insufficient to be detected. It

was thought that in monolayers incubated first with HA-2 agglutinin and

then with fluorescent anti-HA-2 immunoglobulin, anY cell surface

fluorescence might be enhanced by a "piggy-back'r effect, i.e. since the

antibodies in the fluoresceinated preparation are directed against all

parts of the HA-2 molecule then it is conceivable that more than one

fluorescent anti-HA-2 inrnunoglobluin molecule would adhere to a single

HA-2 molecule.

Duplicate monolayers were first incubated at 40 for I hr with

0.5 ml of BCCM containing O.24 mg or 0.048 mg of purified liA-2

agglutinÍn corresponding to an agglutinating titre of L/L,500 and I/3OO

respectively. Following this exposure to the HA-2, the monolayers were

washed, at room temperature, in three separate 20 mI aliquots of BSS so

as to ensure the removal of aII unbound HA-2 agglutinin. They were

then each immersed in 0.5 mI of a I:I0 dilution of fluorescent

anti-HA-2 immunoglobulin in BCCM for a second incubation at 40. After

f0 min the monolayers were washed and fixed in paraformaldehyde. The

control monolayers underwent the same treatment but were not exposed to

any puriflied l-lA-2 agglutinin. Instead, they were incubatecj with 0.5 mI

of BCCM and then, after washing, with 0.5 mI of fluorescent anti-FtA-2

or fluorescent anti-mouse IqGJ- immunoglobulin (each diluted I:I0) or

fluorescent HA-z agglutinin (O.I2 mg/ml). As an additional control,

fluorescent anti-FlA-2 inmunoglobulin (diluted I:I0) was also added to

monolayers of ascidian cells which had been pre-incubated with sheep

erythrocytes and washed. All the monolayers in this experiment were

prepared from a single suspension of ascidian ceLls so that the results

for each treatment couLd be compared.
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The results are summarized in Table 5.8 and the fluorescence of

cells exposed to O.24 mg of ll{-2 agglutinin and then to

fluorescein-labelled anti-HA-2 immunogJ.obulin can be seen in Fig 5.4C

and Fig 5.7. The percentage of cell-s showing fluorescence with

anti-FlA-2 inmunoglobulin after exposure to O.24 ng ofl HA-2 aggJ-utinin

was calculated flrom photograghs of five randomJ-y chosen fields

(mag 400x), each field being photographed with both ultra violet light

and under phase contrast. A total of 477 cells were counted and of

those 19% were fluorescent. Haemocytes incubated with fluorescent HA-2

agglutinin were again negative. These results therefore indicate tlìat

HA-2 receptors are present on the surface ofl B. Ieachii haemocytes,

however a previous exposure to HA-2 molecules was required for their

detection

As had been found previously, haemocytes which had not been

pre-incubated with HA-2 agglutinin were not labelled with fluorescent

anti-l-lA-2 inrnunoglobulin. This concentration of irnrnunogJ.obulin was

nevertheless sufficient to reveal HA-2 mol-ecules on the surface of the

adherent erythrocytes. It seems, as was suggested above, that few HA-2

molecules are present on the surface of washed haemocytes.

5.6. Discussion.

Phagocytosis by circulating amoebocytes appears to be an

important step in the elimination of sheep erythrocytes from the

circulation of g. Ieachii colonies. From Rowley's description of

Ciona intestinalis haemocytes ( Rowley , f 981) , it is likely tl-'at

phagocytosis was performed by cells analogous to his I'granular

amoebocytes". Amoebocytes from a variety of other ascidian species

have also been flound capable of phagocytosing particles both in vivo

and in vitro (Fulton, L92O; Endean, L96O; 9nith, L97O; Anderson, L97L;



TABLE 5.8 The fluorescence ofl B. leachii haemocytes incubated wÍth

labelled anti-HA-2 or anti-IgGJ. immunoglobulin or labelled

HA-2 agglutinin.

. Incubation IISIncubation I/l Intensity of

fluorescenceTreatment of ascidian ceII monolayers

HA-2 agglutinin
(0.096 mg/m1)

then anti-l-lA-2 IgG
.)Ê

HA-2 agglutinin
(0.48 mg/mJ.)

Culture mediumll

then anti-HA-2 IgG*

then anti-HA-2 IgG*

Culture mediumtl then HA-2 agglutinin*
(O.rz mg/ml)

anti-IgGl IgG*
(control)

Culture mediumll then

lf I hr at 40.

S ¡0 min at 40 - details of the procedure are given in the text.

* FITC-ceIIite labelled prepaiations

'll Botrylloides cell culture medium.

+ Fluorescence just visible.

+++ luhrked fluorescence.

+

+++



FIGURE 5.7 The fl-uorescence with fl- uorescein -labeL led

immunoglobulin of 8.. reachii haemocytes previously treated

agglutinin (0.48 mg/ml). (mag l,5O0x).

anti-HA-2

with l1A-2





Ir-5.

Brown & Davies, L97L; Fuke & Sugai, I97I; Vlright, L974; Rowley, 1981).

Howevet, virtually no evidence is available to indicate how the foreign

particles are recognised by the phagocytic cells. The in vitro culture

of B. Ieachii haemocytes, deveJ.oped as part of this thesis, provided an

experimentaJ- system whereby one could conceivably test whether or not

the sheep erythrocyte aggJ-utinin (the l1A-2 agglutinin) could function

as a recognition molecule in this species and promote the phagocytosis

of particles to which it became bound.

It was found that the adhesion of sheep erythrocytes to

B. leachii haemocytes could be inhibited by approximately 40% in the

presence of lactose, while glucose at the same concentration was

ineffective. The HA-2 agglutinin is specifically inhibited by lactose

and this result was certainly consistent with the idea that this

agglutinin was somehow involved in the adhesion of the erythrocytes to

the haemocytes. Rabbit immunoglobulins directed agaÍnst the HA-2

molecule likewise inhibited erythrocyte adhesion whereas

inrnunogJ.obulins specific for mouse IgG2b had no effect.

Work with fluorescein-Iabelled antibodies supported the opsonic

rol-e of the HA-2 aggJ.utinin. It was found that sheep erythrocytes not

previously exposed to any HA-2 agglutinin not only adhered to ascidian

haemocytes but, as revealed by immunofluoresence, they were also coated

with HA-2 agglutinin. Furthermore, the results suggested tl-€t

receptors for the l1A-2 molecule exist on the surflace of some ascidian

cells. From these findings one can conclude that ascidian haemocytes

were secreting l1A-2 agglutinin which then sensitised the erythrocytes

for adhesion via the HA-2 receptor on the surface of ascidian cells.

As it was impossible to detect any llA-2 agglutinin on the surface of

the haemocytes in the absence of foreign particles, it was possible

that the erythrocytes were stimulating the secretion ofl the HA-z
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molecules. Such an idea is not novel for not only have agglutinins

been detected within the haemocytes of other invertebrates (Corni.ck &

Stewart , L973; Arnirante, L976; Amirante & Mazzal-ai, I97B and van der

Knaap et aI., l98la), but it was suggested from an observation by

van der Knaap et aI. (l-981a) that amoebocytes from the pond snaiJ-,

Lymnaea stacna-lis, may also rel-ease agglutinin upon contact with

foreign material. They observed that sheep erythrocytes incubated with

snail amoebocytes in the absence of serum were agglutinated. However,

it was not made clear whether or not the agglutinin was released

irrespective of the presence of the sheep erythrocytes. It is possible

that the snail agglutinin, Iike the HA-2 molecule, could be an opsonin,

since the opsonising and the agglutinating activities of haemolymph

were positively correlated (van der Knaap et al. , L9B2). However until

the snail agglutinin is purified, its function cannot be reliably

ascertained.

It is interesting to note that although adherent erythrocytes

fluoresced brightly with anti-HA-2 immunoglobulin, the majority of the

ascidian cells to which they were attached showed no fluorescence.

This indicates that there must have been considerably more binding

sites for the ll\-2 agglutinin on the surface of the erythrocytes than

on the ascidian cells and,/or that the HA-2 molecule bbund to the

ascidian cells with lowe¡ affinity. It is possible that when HA-z

molecules are aligned on a particJ-e, such as an erythrocyte, they are

presented in a manner more favourable for binding to the ascidian cell

HA-2 receptors than when in an uncomplexed solublå'state. There are

precedents for this type of phenomenon, an example being that of

antibody binding to macrophage Fc receptors (Karush, L976). In this

instance, the preferential binding of aggregated immunoglobulin or of

antibody-antigen complexes has been demonstrated to involve mglti-point
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attachment to Fc receptors on the surface of the macrophage (Karush,

1976; Knutson et aI. , 1977). Thus, a high binding affinity of the

agglutinin-particle complex for the ascidian cells relative to that of

free agglutinin may be expected without necessitating any

conformational change in the agglutinin upon binding to its substrate.

Alternatively, the binding of the agglutinin to a foreign

particle (or its oligosaccharide ligand) mai generate or expose (by

allosteric effects) another binding site flor a receptor present on the

surface of haemocytes. If such a site had a higher affinity for the

haemocyte receptor than uncomplexed HA-z then this could also explai.n

why l-lA-2 molecules were not detected on the surface of haemocytes. One

way of investigating this possibility would be to incubate haemocytes

with HA-2 molecules in the presence of lactose and determine the extent

of HA-2 adherence by then incubating the haanocytes with

fluorescein-labelled anti-FlA-2 immunoglubulin. The concentrations of

both the lactose and the agglutinin would be critical in such an

experiment. The Iactose must saturate sufficient HA-2 molecules to

cause a noticable change in the level of fluorescence, yet the

saturation of all the lactose binding sites on the agglutinin molecule

might inhibit its attacl-ment to the haemocytes. A similar type of

experiment could be performed with l1\-2zanti-l-lA-2 complexès. However,

it could not be assumed that the binding of antibodies to various

determinants on the HA-z agglutinin would necessarily have the same

effect on the HA-2 molecule as the binding of a foreign particle (e.9.

sheep erythrocytes) to the lactose-specific sites.

The role of the LBP-1 molecule and the HA-l aggJ.utinin in the

ascidian system is not clear. It is important to note that the

anti-LBP-3 immunoglobulin preparation used here did not differentiate
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between the LBP-f and the HA-l aggJ.utinin; in flact it reacted to

approximateJ-y the same extent with each protein.

The adhesion of sheep erythrocytes to ascidian haemocytes was

inhibited not only by anti-HA-2 immunoglobulin but also by anti-LBP-l

immunoglobulin. Since no reactivity could be detected between the

anti-LBP-f immunoglobulin and the HA-2 agglutinin and as sheep

erythrocytes do not have receptors for LBP-I molecules it is reasonable

to conclude that the inhibition by anti-LBP-3 immunoglobulin must have

occurred at the ascidian cell surface. It was shown by

immunofluoresence that there are indeed LBP-I (or l-.,,4-l) molecules on

the surface of a variety of ascidian haemocytes. The binding of

antibody to LBP-f molecules on the ascidian cell surface may cause

these complexes to cap in a way similar to that observed with the

binding of concanavalin A to the surface of both oyster haemocytes

(Yoshino et âI., L979) and earthworm leucocytes (Roch & Valembois,

L978). If, as seems likely from Fig 5.4, that the HA-2 receptors'occur

on cell-s with surface LBP-ã/HA-I molecules, then capping of the LBP-I

molecules might affect the distribution and avai-lability of lA-2

receptors such that sheep erythrocytes can no longer adhere.

It has been reported that some purification of haemocytes from

the blood of the blowfly, Calliphora vicina, could be'obtained by

equilibrium density centrifugation on a discontinuous gradient of

Ficoll (Peake, L979). Similar attempts to purify and separate the

various types of q. leachii haemocytes using discontinuous PercolI

gradients proved unsuccessful. It was possible, but not consistently

so, to obtain reasonable purity of some ceII typesr €.g. bands were

found to contain 76% "lymphocyfe-Like" cells, 8L1" compartmental cells

or 74% amoeboid ceIIs. l-lowever the extreme fragility of the cells

collected off a Percoll gradienl made it impossible to periorm assays
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with the purified cell preparations. This occurred even though all

PercoII concentrations had been made iso-osmotic with haemoJ-ymph. In

addition, the extent of purifi.cation varied depending on the colony

from which the cells lvere collected, thus subtle modifications of the

gradient, to obtain greater purity, were impossible. For these reasons

the question of whether the cells that rosette and phagocytose

erythrocytes possess L-BP-3 molecules and HA-2 receptors on lheir

surfaces must be addressed by a different means. The technique of

double labeJ.ling, i.e. incubating haemocytes with both

fluorescein-labeIled anti-LBP-f immunoglobulin and rhodamine-labelled

anti-l-lA-2 immunoglobulin molecules, could be useful for this purpose.

This metl-pd would alleviate the problems of clearly identifying the

various cell types. Nevertheless, a comparison of cell morphology is

the only means by which this question can be discussed at the present

time. Using the Rowley classification of ascidian haemocytes (Rowley,

I98I), cells with HA-2 receptors appear to be a subset of those cells

possessing surface LBP-f molecules. Other types of cells which were

IabeIIed with fluorescein-labeIled anti-LBP-f immunoglobulin included

compartmental cells and signet ring cells. Although l1A-2 receptors

were found predominantJ-y on the granular amoebocytes (or "red staining

cells"), the celIs that most frequently formed erythrocyte rosettes,

the percentage of rosette-forming cells in the total haemocyte

population was higher than the percentage of cells calculated to have

ll{-2 receptors. The immunofluorescence technique used may not have

revealed alL the cell-s with HA-2 receptors, because it may be

neccessary for a large number of fluorescènt antibody molecules to bind

to the surface of a cell before fluoresence is observed. It should

also be noted that the propprtion contributed by each cell type to the
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totar haemocyte popuration varied between colonies. This was

particularly the case for the granular amoebocytes.

Not only did the proportion of each cell type vary between

colonies but the extent to which erythrocytes bound to the ascidian

cells also varied. A similar probJ-ern was noted when amoebocytes from

the gastropod, Biomphalaria glabrata were cultured in vitro

(Abdul-Salam & Michelson, I9B0). The rate of phagocytosis measured

with amoebocytes from individual snails varied markedJ.y, but in this

case the problem could be overcome by preparing amoebocyte monolayers

from pooled haemolymph. Because it had been reported that a cytotoxic

reaction occurted when celIs from allogeneic individuals of the

ascidian Halocynlhia roretzi were mixed (Fuke, 1980), haemocytes fmm

different q. Ieachii colonies were not pooled for the experiments

described in this thesis. Erythrocyte adhesion was observed in aIl

experiments, although the degree of adhesion varied between experiments

(occasionally by as much as l0 - $%). However, since comparisons

between treatment and control monolayers were aJ-ways made within an

experiment where all monolayers had been prepared from the same

haemocyte suspension, the variation observed between experiments had no

bearing on the overall result.

It is not yet known whether the cells secretihg the HA-2

agglutinin are identical to those with l1A-2 agglutinin receptors on

their surflaces. Nevertheless, it is clear that the HA-2 agglutinin can

mediate the adhesion of sheep erythrocytes to 9.. leachii haemocytes.

In addition, preliminary data (from experiments not presented in this

thesis) have indicated that of a variety of bacteria which are

agglutinated by B. leachii haemolymph,: Strepto'coccus faecalis, the only

type tested which was also agglutinated by purified ,1A-2 agglutinin,
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adhered to 9,. Ieachii haemocytes. This suggests that the HA-2

agglutinin could indeed function as an opsonin in this species, binding

to any particle bearing the appropriate sugar residues.' The HA-I

agglutinin and the LBP-I molecule may function in an analogous manner,

but this remains to be shown by further investigation.



Chapter 6.

THE OPSONIC ACTIVITY OF THE HA-2 AGGLUTININ WITH MOUSE MACROPHAGES



I22.

6.1- Introduction.

Other studies have revealed that haemagglutinins are found in a

variety of invertebrates (review: Ey & Jenkin, 1892). Investigations

indicate that at least some of these molecules may have a protective

function (Tyson & Jenkin, 1973 and 1974; Renwrantz & Mohr, 1918 and

Harm & Renwrantz, L98O) since they are required for the recognition and

elimination of floreign particles by the animals' phagocytic cells (see

Chapter I). l-lowever, none of the agglutinins characterised so far show

any structural homology with the immunoglobulins of vertebrates (Gold ðc

Balding, L975).

Ascidians are protochordates, which are believed to occupy a

phylogenetic position between the vertebrates and the invertebrates.

Both this study (see Chapter l) and other investigations have revealed

the presence of agglutinins for vertebrate erythrocytes in the

haemotrymph of various ascidians (e.9. Fuke & Sugai, L972; V'lright, L974;

Anderson & Good, L975; Parrinello & Patricolo, L975; l,lright & Cooper,

1975) but in most cases there is a lack of good data on the structure

and function of these mol"ecules. As immunoglobulin molecules have

been identified in all the cl.asses of vertebrate (review: Marchalonis,

1977) including two cyclostomes, the hagflish (Raison et aI. , 1978) and

the lamprey (Marchalonis & Edel-man, 1968), it is probable that a

modified form of the gene coding for the precursor form of

immunoglobulin exists today in advanced invertebrates. The

phylogenetic position of the ascidians makes these animals potentially

important ,n*. investigations on the evolutionary origin of

irnrnunoglobulins 'and it is not unreasonabl-e to propose the erythrocyte

agglutinins of protochordates as prime candidates to exhibit some

homoJ-ogy with immunoglobulin.
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The results of the previous chapters demonstrated that

B. leachii haemoJ-ymph contained two haemagglutinins, HA-l and ffi-2,

which exhibit different binding properties. A third, non-agglutinating

protein (termed LBP-I), having a specificity apparently identical to

that of the HA-r agglutinin, has also been identified (Ey & Jenkin,

L9B2; Schluter, I9B2).

It was shown in Chapter 5 that sheep erythrocytes adhered to and

were phagocytosed by q. leachii haemocytes. The results of in vitro

experiments (Chapter 5, Section 5.5) indicated that the HA-2 agglutinin

was responsible for the adhesion of sheep erythrocytes to the

B. leachii cells. As a bacterium, which was agglutinated by purified

l1A-2 agglutinin, arso adhered to 9.. reachii haemocytes (resurts not

shown) it is possible that this agglutinin functions as an opsonin in

this species, for foreign particles bearing the appropriate

carbohydrate moieties. The flunctions of the HA-l- agglutinin and LBP-I

are not known. In view of the close aflfinity of the protochordates to

the vertebrates, it was of considerable interest to determine whether

or not the opsonic factor(s) in the haemolymph of B. leachii could act

as recognition factor(s) for phagocytic cells from a vertebrate.

Certainly within the vertebrate classes, immunoglobulin molecules from

one cLass will function as recognition factors for phagocytes from

another class (Jenkin, unpublished observations). If factors present

in the haemolymph of a protochordate functioned as opsonins not only

for this animal but also for vertebrate phagocytes, then some homology

between the protochordate opsonin and vertebrate inununoglobulin might

be indicated. with such a possibility in mind, B. reachii haemolymph

was tested for its ability to induce firstly the adhesion of sheep

erythrocytes to mouse macrophages (Section 6.2) and secondly the

phagocytosis of any adherent erythrocytes (Section 6.t). Eloth aspects
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(adherence and phagocytosis) were investigated together, but flor

clarity in presentation each will be discussed separately in order to

emphasize different points.

6.2 The role of the B. leachii haemaqqlutinins in the adherence of

sheep erythrocytes to mouse macro phaqes.

6.2.L The adherence to mouse macrophaqes of sheep erythrocvtes

sensitised with B. leachii haemol

To determine if factor(s) in B. l-eachii haemolymph opsonic for

vertebrate macrophages were present, sheep erythrocytes were sensitised

with various dilutions of B. leachii haemolymph and assayed for their

ability to adhere to mouse macrophages. The erythrocytes (L% v/v in
physiological saline) were sensitised with an equal voLume of

haemolymph diluted I:64, I:256 and I:512 in saline, these dilutions

being equivalent to l-, L/4 and I/B haemaggJ_utinating units (HAU)

respectively. Ce-l-Is sensitÍsed with I HAU (a Lz5I2 dilution) of a

rabbit antiserum specific for sheep erythrocytes (rabbit antibody) were

used as positive controls. After sensitisation, the cells were washed,

resuspended in medium I99 supplemented with IO% foetal cal-f serum

(|'4199-FCS) and I ml- aliquots containing 1.5 x r0B erythrocytes were

added to Leighton tubes containing a monolayer of mouse macrophages on

a fllying coversJ-ip. The monoJ-ayers were incubated overnight at 40.

The coverslips were then removed, washed, fixed and staÍned with

Wright's stain. Macrophage monoJ-ayers which had been incubated with an

equivalent number of unsensitised erythrocytes served as negative

controls. Two to three repeat experiments consisting of three

macrophage monolayers for each dilution of haemorymph and the

unsensitised control were set up.
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The significance of differences in the adherence ofl sensitised

and unsensitised erythrocytes to macrophages was determined using a

two-way analysis of variance (ANOVA) (SokaL & Rohlf, 1969). All

analyses were carried out on the mean number of, erythrocytes adhering

to each macrophage. This val-ue was calculated lrom a frequency

distribution of macrophages having specific numbers of adherent red

cel-ls (from 0 to > 6). For ease of display in the tables, however, the

numbers of erythrocytes adhering to macrophages were pJ-aced in the

categories 0, I-2,3-5, and 6 or more. The majority of macrophages in

the latter category were completely surrounded by erythrocytes. The

tables show pooled data from a number of repeat experiments, since in

each case the interaction term was non-significant.

The data presented in Table 6.L show that erythrocytes treated

with the two highest concentrations of haemolymph adhered strongly to

macrophages. However, the adhesion of cells treated with a Lz5I2

dilution.of haemolymph was not significantly difflerent flrom that of

unsensitised erythrocytes. The adhe¡ence of sensitised compared to

that of unsensitised cells is depicted in Fig 6.1.

Although haemolymph promoted the adherence of erythrocytes to

macrophages it was feasible that a variety of erythrocyte agglutinins

could also induce the binding ofl these cells to macrophages. If this

was found to be the case for erythrocyte agglutinins known to differ

structurally from immunogJ-obulin, then it was possible that the

B. leachii sensitising factors could also have caused adhesion in a

manner that may not suggest any binding ,it" homoJ-ogy with

immunoglobulin. 0n the other hand, if the promotion of adherence by

agglutinins were a rare event then the probability that the ascidian

factors were similar to immunoglobulin would be increased.



TABLE 6.]

Treatment
of

erythrocytes

None (control)d

Haemolymphd
(I264 dilution)

None (control)*

HaemoJ.ymph*
(I:256 dilution)

None (control)S

HaemolymphS
(Iz5I2 dilution)

The adhesion ofl sheep erythrocytes to mouse peritoneal macrophages after treatment with

haemolymph from Botrylloides leachii.

Number of
macrophages

counted

2,068

2,24I

I1652

21722

r r5o7

1,600

57.2 + 2.7

7.80 + 0.87

65.0 + I.7

37.2 + 2.6

66.0 + 2.O

6O.7 + 2.9

35.3 + 2.3

L5.6 + I.2

10.5 + 0.81

37.7 + I.5

3O.2 + L.6

3L.7 + 2.2

7.4O + O.87

2O.L + 2.O

4.40 + 0.85

19.4 + I.5

3.65 + O.66

7.I3 + O.B2

).9

O.35 + O.16

56.3 + 2.8

O.I2 + O.L2

6.2 + I.2

O.22 + 0.34

0.50 + 0.I7

Mean numberll
of erythrocytes
per macrophage

0.71 + 0.05

4.40 + 0.IÌ

0.54 + 0.0f

1.60 + 0.ll

0.52 + 0.04

O.69 + 0.06

0

% of macrophages@ with

I-2 3-5
adherent erythrocytes



@ Mean percentage (+ S.E.) of al_I macrophages counted.

11 Overall mean number (t S.E.) of erythrocytes adhering to each macrophage.

ó,,* Ihe resuLts were derived from three separate experiments. Statistical analysis (2-way A¡lgVA on
unpooled means) indicated the experiments to be homogeneous (F¡2.9) = I.7I9, p>O.tiÐ,
F(2,9) = 2.917' P > 0.1' (*)), but the differences between senòÏfiéed and nón-sensitised
erythrocytes were significa^l !ft+ ,9) 

=.19i.5, 
p ( o.oOt (d), F(1,9) - 69.9, p < o.ooL (*)).

ExperÍments I and x were performed'oñ different days.

S fne resuLts were derived from two separate experiments. Statistical analysis (2-way ANOVA)
indicated the experiments to be homogeneous (F¡1.g¡ = O.28, p > 0.5) and the differênces between
the Sensitised and the non-sensitised erythrocytéõ'were also not significant (F11,g) = 4,99,
P > 0.05)



FIGJRE 6.I Adherence of sheep erythrocytes to mouse macrophages.

were pretreated with saline (A), or with I HAU of either

erythrocyte serum (B) or B. l-eachii haemoJ.ymph (C) .

The erythrocytes

rabbit anti-sheep
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Accordingly, sheep erythrocytes were incubated with haemoJ-ymph

from another invertebrate and with agglutinins such as plant lectins to

determine whether these moLecules could al-so cause erythrocytes to bind

to macrophages. Erythrocytes were sensitised with one

haemaggJ.utinating unÍt (l- HAU) ofl haemolymph from the fresh water

cray flish Cherax destructor (diluted l:B) or with I HAU of, the Lectins

concanavalin A (5 - 2.5 pglml), phytohaemagglutinin (2.5 - I.3 Uglml-)

or wheat germ J-áctin (5 uglml) and added to mouse macrophage monoJ.ayers

to test for adhesion. Unsensitised erythrocytes and erythrocytes

sensitised with I l-lAU ofl q. leachii haemolymph served as controÌs.

None of these treatments resulted in the large numbers of

adherent erythrocytes lhat were observed with I HAU of q. Ieachii

haemolymph (Tables 6.2 & 6.3), a]-though I HAU of wheat germ agglutinin

did produce adhesion significantly greater than that of the

unsensitised control (taOle 6.3). The inabiJ-ity of haemolymph from

q. destructor ( formerly Parachaeraps bicarinatus) to sensitise

erythrocytes for adhesion to macrophages was consistent with the data

obtained by McKay & Jenkin (Jenkin pers. comm. ) . These results

indicated that erythrocytes incubated with various agglutinins did not

necessarily become sensitised for adherence to macrophages. The

flactor(s) in B. leachii haemolymph appeared to be unusual in promoting

adhesion between erythrocytes and mouse macrophages, hence further

study was justified to determine whether any homology did exist between

the ascidian opsonins and immunoglobulin.



TABLE 6.2 The capacity ol sheep erythrocytes sensitised with haemolymph from Cherax destructor or

BotryLloides ]eachii to adhere to mouse peritoneal macrophages.

Treatment
of

erythrocytes

B. i.eachi-i
HaemóTyffi
(L:64 dilution)

Number of
macrophages

counted

I 1633

% oi macrophages@ with Mean numberll
of erythrocytes
per macrophage0 L-2 3-5

adherent erythrocytes
)-6

None (control¡d 2r648 57.5 + 2.O 35.L + 2.3 7.0 + 0.61 O.36 + O.I3 O.72 + O.O4

C. destructor
J.ymphE 2,7r3 57.0 + 4.9 34.I + 3.2 8.3 + 1.7 0.6I + 0.26 0.78 + 0.ll

(I:8 diLution)

7.7O + O.94 L6.8 + L.2 20.6 + 2.5 54.6 + 3.I 4.3 + O.I2

tÐ Mean percentage (+ S.E.) of all macrophages counted.

1[ Overal]- mean number (+ S.E. ) of erythrocytes adhering to each macrophage.

C Three separate experiments with f slides within each. The difference between sensitised (C. destructor)
and non-sensj.tised cells (2-way ANOVA on unpooLed means) was non-significant (F(I,12) = O.678,
P > 0.25) .

* Two separate experiments with f slides within each. The difference between sensitised (8. leachii and
non-sensitÍsed (control-) cells was highJ-y significant (F1I,a) - 346.6, P < 0.001).



TABLE 6.]

Treatment
of

erythrocytes

None (control)d

Concanavalin-Ad
(1 HAU)

None (control)*

Phy tohaemagglutinin*
(1 HAU)

None (control)S

Wheat Germ LectinS
(1 HAU)

Number of
macrophages

counted

I698

2596

I379

2081

1939

3299

66.90 + L.2

72.20 + L.6

63.30 + 1.5

69.08 + I.9

27.IO + 3.4

29.6 + I.O

22.8 + I.3

32.2 + I.O

25.6 + I.7

32.7 ! o.B

34.5 + I.5

3.4O + Q.5

4.7O + 0.6

4.5 + 0.41

25.2 + 2.3

The capacity of sheep erythrocytes sensitised with various plant lectins to adhere to mouse

peritoneal macrophages.

0

% of macrophages@ with

I-2 3-5
adherent erythrocytes

>.6

0.I7 + 0.1

O.37 + O.L2

0.f6 + 0.08

I3.2 + 2.5

Mean nunbe¡
of erythrobyte
per macrophage

0.50 + 0.01

0.47 + 0.04

0.58 + 0.04

0.51 + 0.01

0.59 + 0.0f

2.2O + O.26

S
1t

4.2O + O.54

5.2O + O.85 0.19 + 0.09

0.16 + 0.14

.80 + I.262



@ Mean percentage (+ S.E.) of all macrophages counted.

tl 0verall mean number (l S.E.) of erythrocytes adhering to each macrophag

C,S Three separate experiments with I slides for each treatment and 2 for the control-s. Statistical analysis
(2-way ANÐYI) indicated the experiments to be homogeneous (F(2,9) = L.lI P > 0.1 (ó) and Fç2,9) - O.77,
P > o.25 (s)).

* Two separate experiments with 3 sLides for each treatment and 2 for the controls. Although these
experi-ments were not homogeneous. (F(l,g) - 8.Q2, P < 0.05) the interaction term was not significant
(Fql,e) = 0.14, p > 0.5).

C,*,S Difference between sensitised and non-sensitised erythrocytes (2-way ANOVA on unpooled means):
F(t,g) - o.32, P > 0.25 (ó); F(I,6) - 3.O9, P > 0.1 (*); F(t,g) =14.1, P < 0.005 (S).
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6.2.2 Nature of the factors promoting adhesion of erythrocytes to

macrophages.

One can envisage several ways in which cells may become "sticky"

for other types of cells. For example, enzymes present in the

haemolymph may irreversibly alter the erythrocyte membrane causing the

cells to become adhesive fcjr macrophages. Alternatively, adhesion

couLd be mediated through specific opsonic or agglutinating mol-ecul-es

which bind to the erythrocytes. In the latter case, the elution of

these factors from sensitised cells should return the cells to their

original non-adhesive condition. Furthermore, providing the factors

are not inactivated by this procedure, they should be recovered in the

eluate.

Because of the possibility that the sheep erythrocyte agglutinin

(Hn-Z) and the opsonic factor binding to vertebrate macrophages were

one and the same, and since the agglutinating activity of the HA-2

molecule was l-actose specific (Chapter 3, Section 3.I and Schluter

et aI, f98I), Iactose was tested flor its capacity to elute the

hypothetical opsonic factor(s) from sensitised cells. Sucrose and

maltose acted as controls. In order to measure any reductj-on in the

binding of the sensitised erythrocytes to macrophages following

treatment with lactose, it was first necessary to construct a standard

curve relating the degree of adhesion to the concentration of

haemolymph used to sensitise the erythrocytes.

The experiment involved sensitising batches (lO ml) of L%

erythrocytes with an equal volume of haemolymph diluted to 1, L/2, L/4,

I/8 or L/I6 of an FIAU at 37o for 30 min. Two and four batches of

erythrocytes were sensitised with I HAU and L/2 HAU of haemolymph

respectively, the other haemoJ-ymph dilutions were each used to

sensitise only one batch of red cells. AII the cells were sedimented
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by centriflugation and one batch of cells from each haemotymph treatment

was resuspended in 2 nI of saline containing I mg/ml of bovine serum

albumin (gSn) as a carrier protein. These erythrocytes were used to

construct the standard curve. The additional batches of ce1ls

sensitised with I HAU and I/2 HAU were used to test the abiJ.ity of

sugars to elute the aggJ.utinin. The cell-s sensitised with I HAU were

resuspended in 2 nL of o.L35 M (iso-osmotic) l-actose and lhose

sensitised with I/2 t1AU in o.L35 M lactose, maltose or sucrose, each

containing I mglml BSA to minimize adsorptive loss of any eluted

proteins during the subsequent steps. The cell- suspensions were

incubated for I hr at room temperature and then centrifuged at 400 g

for 5 min. The supernatants were dial-ysed overnight at 40 against pBS

and tested for their haemagglutinating and sensitising activity
(Table 6.4). All cells were resuspended in a further 10 ml of saline

or sugar solution and i.ncubated for an additional 15 min at room

temperature. They were then washed Ín sarine (10 mr aliquots, 3x ),
resuspended in M199-FCS to a final concentration ofl l% and tested for

their ability to adhere to macrophages. The results of this adhesion

assay are displayed in lig 6.2.

It is clear flrom Fig 6.2 that the degree of adhesion was

dependent on the sensitising dose of haemolymph. The results show tt-nt

the adhesiveness of sensitised erythrocytes was substantially reduced

aflter exposure to lactose but not after exposure to martose or

sucrose. Moreover, âs is evident from the data in Table 6.4, the

l-actose-derived supernatants were unique in possessing

haemagglutinating activity and in their capacity to sensitise fresh

erythrocytes for adhesion to macrophages. Thus, treatment of

sensitised erythrocytes with lactose specificalty caused lhe cells to
again become non-adherent and led to the recovery of the sensitising



TABI-E 6.4 The activity of supernatants derived by saline or

disaccharide treatment of sheep erythrocytes sensitised with

B. Ieachii haemoJ.ymph.

Activity of supernatant collecled from erythrocytes
sensitised with haemolymph of dose:

Treatment* 0.5 HAU I HAU

Agglutinating
activi tYll

Aoolutinalino"ãctivitYï "Macrophage
adhesive
activityd

Macrophage
adhesive
activityd

SaIine

Lactose

Maltose

Sucrose

0 0

2

0

0

0. 87

4.52

0. 87

0.70

0.07

0.I

0.09

0.r

+

+

+

+

I.20 + 0.08

4.77 + O.O7I-2

x The experiment is described in the text. Supernatants were dialysed
against PBS and then tested both for agglutinating activity with sheep
erythrocytes and for their capacity to sensitise erythrocytes for
attachment to maerophages. For the latter, fresh erythrocytes were
sensitised with 0.5 l-lAU of each lactose supernatant, this being
equivalent to a dilution of l:2 and I:4 of the supernatants from cells
origÍnally sensitised with 0.5 and I HAU ofl haemolymph respectively.
Erythrocytes incubated with l:2 dilution of each of the other
supernatants (from cel-Is sensitised with 0.5 HAU) were also tested.

1l Reciprocal titre.

C Mean number (+ S.E. ) of erythrocytes bound per macrophage (5 replicates
per group) . -Controls were unsensitised erythrocytes and erythrocytes
sensitised with 0.5 HAU of B. Ieachii haemolymph giVing mean numbers of
erythrocytes binding per maõroþEçõf O.74 + 0.05 and 4.1L + O.L3
respectively.



FIGURE 6.2 The adhesion of sheep erythrocytes to mouse macrophages:

the effect of incubating sensitised erythrocytes in 0.I15 M

lactose(o), maltose ( o) or sucrose ( o). The adherence of

sensitised erythrocytes treated with sugar solutions is compared to

that of cells sensitised with various haemagglutinating doses of

haemolymph but incubated in sallne ( A ). The mean + standard

deviation ofl 5 replicate monolayers is given.
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factors in the cell supernatant. As the erythrocyte membranes were nol

irreversibly al.tered by the sensitisation process it was clear that the

factor(s) inducing adhesion were not enzymes.

6.2.t The specificitv of the bind inq of sensitised erythrocytes to

macrophages.

Compared to q. destructor haemolymph and to the plant lectins

mentioned above, B. Ieachii haemolymph seemed unusual- in its ability to
promote the adhesion of erythrocytes to mouse macrophages. Several

experiments were thereflore undertaken to assess whether the factor(s)

responsibJ-e flor this phenomenon would bind directly to macrophages and

if so, whether the binding was of a different specificity from that for

erythrocytes (i.e. not lactose specific).

Peritoneal exudate cells were collected lrom several mice,

pooled, washed with Ml99-FCS and resuspended in tris-bufflered saline

containing EDTA (0.I mM), sodium azide (0.1%) and 2 mglm] of BSA

(ASA-TESR) to a concentration of 5 x 107 cells,/ml. Serial- 2-foId

dirutions of q. reachii haemolymph in BSA-TESA were added to

siliconised glass tubes and each dilution was mixed with an equal-

volume (0.2 ml) ofl a suspension of either sheep erythrocytes or mouse

peritoneal exudate cells. Microscopic examination reveal-ed that the

peritoneaL exudate cells immediately became agglutinated into large

aggregates, even at Iow dilutions of haemolymph. The agglutinating

titre for both sheep erythrocytes and peritoneal exudate cells is shown

in Table 6.5.

The specificity of the peritoneal exudate celI agglutinin was

examined by suspending these cells at a concentration of 2.8 x I07

cells,/ml in haemolymph diluted Lzi in BSA-TESA containing no sugar,

f0 mM J-actose, or Jo mM D-galactose. The tubes were kept at 40 for



TABLE 6.5 The agglutination of mouse peritoneal celÌs and sheep

erythrocytes by B. leachii haemolymph.*

CelJ- type Final cell- concentration
( c el-ls/ml )

Agglutina!ion
titre-l

Erythrocytes

Peritoneal-
exudate ceLl-s

7.5 x IO7

9.9 x 106

I28

32

* Serial- 2-fold dilutions of haemolymph in siliconised glass tubes were
each mixed with an equal- volume (0.2 ml) of a suspension of either
sheep erythrocytes or mouse peritoneal exudate ceLls. The diluent
was BSA-TESA. Agglutination was assessed from the microscopic
appearance of the suspensions.
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r hr, aflter which time the degree of agglutination was assessed

microscopically. l'4arked agglutination was observed in the tubes

containing no sugar or galactose, but not in those containing J-actose.

These results indicated that the agglutinin for peritoneal exudate

cells was specific for a lactose-Iike determinant and that it was

possibly identical to the sheep erythrocyte agglutinin. This

possibiJ-ity was strengthened when it was found that the sheep

erythrocyte aggJ.utinin could be adsorbed by both peritoneal exudate

cells and erythrocytes (Fig 6.1). 0n a cell-for-cell basis, peritoneal

exudate cells appeared to possess considerably more binding sites than

erythrocytes.

6.2.4 Sensitisation of macrophages.

The findings presented above suggested that a single,

Lactose-specific agglutinin (probably HA-2) was responsible for the

agglutination oi both peritoneal exudate cells and sheep erythrocytes.

The sensitisati-on of erythrocytes flor adherence to macrophages was al-so

inhibited by lactose and it therefore seemed likely that the

adherence-sensitising factor was identical to the aggJ-utinin. If so,

the adherence of erythrocytes to macrophages lvas simpty a

hetero-agglutination reaction. To test this hypothesis,'unsensitised

erythrocytes were tested for their ability to adhere to macrophages

which had been incubated with haemolymph and then washed. The results

of this experiment (Table 6.6) showed clearly that macrophages could

indeed be sensitised for the adherence ol erythrocytes and flurthermore

that this sensitisation was lactose-specific.

Elecause the sensitisation ofl either type ofl cell could be

prevented in the presence of l-actose, it was inferred that the

erythrocytes were binding to the macrophages not via an immunoglobulin



FIGURE 6.3 Adsorption ofl q.. leachii agglutinins to peritoneal exudate

celLs and sheep erythrocytes. Seventy-five microlitre aliquots of

undil-uted haemolymph (which had been dialysed overnight against PBS)

were mixed with 25 lrL samples containing either washed mouse peritoneal

exudate cells (ranging in concentration from I x I07 to I x 109

cells,/ml) or sheep erythrocytes ( L.l x I0B to 2 x 109 cells/ml) in

BSA-TESA. The samples were incubated overnight at 40 and then

centrifuged at 4009 flor 5 min. The supernatants were assayed for

residual aggJ-utinating activity by titration against sheep

erythrocytes. The unadsorbed control (no'cells) supernatant had a

titre of L232. PerÍtoneal exudate cells ( +¡ ); erythrocytes

(¡-+).
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TABLE 6.6

Treatment
of

macrophages

Number of
macrophages

counted

Sensitisation of macrophages with B. leachii haemoJ,ymph for adherence of normal sheep

J(

erythrocytes.

% of macrophagesll with

I-2 3-5
adherent erythrocytes

>-6

L,524 85.0 + 0.50 L4.6 + O.52 0.40 + 0.06 O.2O + 0.005

I,433 28.6 + 0.67 42.4 + O.53 2I.2 + O.57 7.80 + 0.44 I.80 + 0.04

s 1,643 79.7 + O.92 17.8 + 0.84 2.3I + O.L2 0.Il + 0.04 O.32 + O.O2

L,325 I9.2 + O.tO 4O.B + 0.36 22.O + O.42 18.0 + 0.79 2.5O + O.O6

0

Mean number of
erythrocytes

per macrophageø

None
( conlrol )

0

Haemolymph
(l:20))

Haemolymph
(1:20) plu
lactose@

Haemolymph
( J. : 20) plps
galactoses

x Monolayers of approximately 4.9 x 106 peritoneal exudate cells were incubated at 40 for 2 hr in L ml
ofl a l:20 dil-ution of haemolymph in M199-FCS containing no sugar, or 0.115 M l-actose or galactose.
The sugars were made up as iso-osmotic solutions and diluted in MI99-FCS. Control monoJ-ayers were
incubated in U199-FCS. The cells were washed twice with 2.5 ml of M199-FCS before being incubated
overnight at 40 with I mI of 0.5% unsensitised sheep erythrocytes and treated as described in
Section 2.I4.3.

1[ Mean percentage (+ S.E) of a]l macrophages counted.

d OveraLl- mean number (1 S.E) of erythrocytes adhering to each macrophage.

5 p <O.OI compared with unsensitised controls (ANOVA, followed by a Range Simultaneous Test Procedure)

@ P >0.05 compared with unsensitised controls.
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Fc-like site but rather by the cross-linking oF similar lactose-like

receptors on both cells. The results were consistent with the

hypothesis that the erythrocyte-macrophage adhesion was mediated by the

ll{-2 aggJ.utinin. However the possibirity that another as yet

uncharacterised Iactose-specific factor was responsible could not be

excluded and the following experiments were performed to resoLve this
issue.

6.2.5 Identification of the erythrocyte-macro phaqe adherence factor.

To investigate the homogeneity and size of the adherence factor,

a sampJ'e of B. leachii haemoJ-ymph was fractionated on Sephadex G-200.

In order to prevent sugar-specific retardation effects, both lactose

and galactose were inc-l-uded in the el-uent. Fractions were dialysed

overnight against PBS plus 5 mM cacr, before being tested for

haemagglutinating activity and for the abiJ.ity to mediate

erythrocyte-macrophage adhesion with both sheep and guinea pig

erythrocytes. Erythrocytes to be tested for adhesion were incubated

with one HAU of each fraction (or with undiluted sampJ-es in the case of

fractions having no haemaggJ-utinating actÍvity) prior to addition to
macrophage monolayers.

The results showed that both types of erythrocyte could be

sensitised for adhesion using those fractions containing HA-2

agglutinating activity (fig 6.L). It is noteworthy that fractions

40-50, which contained the guinea pig erythrocyte-specific F|A-I

agglutinin, were unabl-e at one HAU to sensitise guinea pig erythrocytes

for adhesion to macrophages. Unfractionated haemoJ-ymph at one HAU was

also unabl-e to sensitise guinea pig erythrocytes. The

haemagglutinating activity of unfractionated haemolymph for guinea pig

erythrocytes would be predominantly due to the HA-l aggJ-utinin and



FIGURE 6.4 Fractionation of haemol ymph on sephadex G-200. A 5 ml sampJ-e of haemolymph containing

0.J-8 gm of dissolved Lactose was appJ.ied to a 98 cm x 2.5 cm column of Sephadex G-2OO and eluted

with PBS containing 50 mM lactose and l0O mM gal.actose. The column was run at 40 at a flow rate ofl

16 mL per hr. Fractions of 4.9 ml were col.l-ected. Fractions were dial.ysed overnight against pBS

plus 5 mM CaCÌt and then titrated by dilution into tris-buffered sal-ine, pH 7.5 supplemented with

5 mM CaCL, and 0.0I mg/ml bovÍne serum albumin to measure agglutinating activity ( u ) for both

sheep and guinea pig erythroeytes and for their capacity to sensitise the erythrocytes for adhesion

to macrophages ( o ). Activity against sheep erythrocytes (rop) and guinea pig erythrocytes
(g0frOv). The haemagglutinating titre of the unfractionated haemolymph was I/27 (sheep

erythrocytes) and r/2L5 (guinea pig erythrocytes). The degree of adhesion of unsensitised

erythrocytes(r)andoferythrocytessensitisedwithll-lAUofunfractionatedhaemolymph(r)is

indicated.
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since this agglutinin lacked the ability to mediate guinea pig

erythrocyte adhesion, it was not surprising that unfractionated

haemolymph shared this inability.

To investigate whether a single factor mediated the adhesion of

sheep and guinea pig erythrocytes to macrophages, fractions 6648

(containing the HA-2 aggJ"utinin) were pooled and 2 mI aliquots were

adsorbed twice with approximateJ-y I x I0l0 sheep or guinea pig

erythrocytes. Each adsorption was for f0 min at room temperature. The

adsorbed supernatants were then compared with the original unadsorbed

pool for their capacity to sensitise both kinds of erythrocyte for

adherence to macrophages. The rèsults presented in Table 6.7 indicated

that the adhesive and haemagglutinating activity for both lypes of

erythrocyte was removed by adsorption to either type of erythrocyte.

These data were consistent with the hypothesis that it is the

HA-2 agglutinin which is solely responsible for mediating the adhesion

of both kinds of erythrocyte to macrophages. This conclusion was

subsequently conlirmed when purified HA-z agglutinin became available

(see ChapLer 2, Section z.LL). Sheep erythrocytes were sensitised with

one HAU of purified HA-2 protein, washed and added to macrophage

monolayers. The degree of adhesion of these sensitised erythrocytes

vtas comparable to that of cells sensitised with bne HAU of

unfractionated haemolymph (TabJ.e 6.8) .

6.2.6 Macrophages and the HA-l Receptor.

As reported in Section 6.I.7, the HA-Ì containing fractions from

the Sephadex G-200 column were unable to sensitise guinea pig

erythrocytes for adhesion to macrophages. This could have been due to

the absence of l-lA-I receptor (llgand) sites on the macrophage surface.



TABLE 6.7

Pre-treatment
of

erythrocytes

None (control)

Type
ol

erythrocytes

Number of
macrophages

counted

% ol macrophages* with

I-2 3-5
adherent erythrocytes

Mean number of
erythrocytes 

^per macrophage$)r6

0.81 + 0.66

2.8O + L.36

82.4 + I.63

62.7 + II.3

0.46 + O.24

0.75 + 0.48

0

O.I2 + O.I2

The capacity of partial.J.y purified HA-2 agglutinin to sensitise sheep and guinea pig erythrocytes for

adhesion to macrophages and the abiJ.ity of each type of erythrocyte to adsorb this activity.

0

Sheep

Guinea pig

Sheep

Guinea pig

Sheep

Guinea pig

Sheep

Guinea pig

64.4 + O.74

44.7 + 8.38

0.69 + 0.07

2.4O + I.69

65.O + 4.36

76.3 + 6.40

75.0 + 8.86

B2.O + 2.93

3O.O + 0.63

35.O + 2.93

5.10 + 0.98

lI.6 + 6.22

3I.I + 3.72

2O.7 + 4.7I

22.5 + -1.O4

L6.I + 2.63

4.80 + 0.70

17.4 + 4.I4

1J..8 r I.46

23.3 + 3.6I

3.50 + 1.50

2.2O + I.44

2.46 + I.9I

I.72 + O.42

952

1054

1006

894

999

869

O.59 + 0.06

I.27 + O.28

5.49 + O.O5

4.79 + O.48

0.51 + 0.08

0.40 + 0.15

O.37 + O.16

O.27 + O.O5

HA-2 ooot@
(I232' diJ.ution) f

SRBC-adsorbed
HA-2 pooL
(l:2 diLution)Ø

GpRBC-adsorbed
HA-2 pooJ.
(L:2 dilution)Ø

907

930

tê Fractions 66-68 incLusive from the Sephadex G-200 fractionation of haemolymph (Fig 4.4).
I One haemagglutinating dose.

é l.b detectable haemaggJ.utinating activity. SRBC = Sheep erythrocytes; GpRBC = Guinea pig erythrocytes.
* l"lean percentage (+ S.E.) of alL macrophages counted.
S Overall mean nr.¡nber (1 S.E.) of erythrocytes adhering to each macrophage.



TABLE 6.8

Treatment
of

erythrocytes

l,bne
(controL)

Nunber of
macrophages

counted

2452

2055

2000

% of macrophages* with

I-2 3-5
adherent erythrocytes

Mean no. of
erythrocytes .per

macroPhagell

Adherence to mouse peritoneal macrophages of sheep erythrocytes sensitised with diaj.ysed

haemolymph or with purified HA-2 agglutinin//.

0 ).6

67.3 + 2.84 26.5 + I.83 5.0 + 0.88 I.10 + 0.ll O.57 + O.O7

Haemolymph
(I:64 dilution)Ø

HA-2 aggluti¡in
(o.23 g/ml))

I0.7 + 1.99 I7.8 + 0.22 14.3 + 1.00 57.I + 2.32 4.2O + 0.16

9.60 + L.29 23.9 + I.72 I7.7 + 2.O4 48.8 + 0.81 3.9O + O.O7

# This experiment was perfomed using 5 monolayers for each treatment. StatisticalÌänalysis (ANOVA foJ.lowed by
a Student-Newmans-Keuls test) indicated that both the HA-2 sensitised and haemolymph sensitised cells were
significantly different from the controL P < 0.01 and furthermore the HA-2 sensitised and haemotymph
sensitised celLs adhered to macrophages to the same extent P > 0.05.

* Mean percentage (+ S.E.) of aLl macrophages counted.

T 0vera11 mean nunber (j S.E. ) of erythrocytes adhering t,o each macrophage

C One haemagglutinating dose of haemolymph previously dialysed overnight against PBS.

$ One haemagglutinating dose.
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To test this possibility an agglutination experiment was

perflormed with mouse peritoneal exudate cells. A suspension ofl mouse

peritoneal cells (e.S x 105 cells per 50 u I) was seriaJ.ly diluted in

tris-buffered saline (pH 7.5) supplemented with 5 mM CaCl, and

0.01 mg/ml bovine serum aLbumin (Hn-f diluent) and to each aliquot was

added 50 pI of purified HA-l' (2.5 Vg protein/ml) having a titre of

I/5I2 with O.5% guinea pig erythrocytes. All"- tubes were incubated at

40 lor 4 hr. The cells were then examined microscopicalJ-y for

agglutination. No agglutination was found even when using as few as

I x 104 peritoneal cells.

To exclude the possibility that HA-I molecules bound to the

macrophages without agglutinating them, an adsorption test was carried

out. Samples of the HA-I agglutinin were incubated with mouse

peritoneal exudate cells or with guinea pig erythrocytes, the cells

being .. suspended in HA-I diluent at a final concentration ofl

approximately 2 x 108 and 2.8 x 109 ceIJ.s,/m], respectively. The

assay was performed by making 2-floLd serial dilutions of each cell

suspension (50 uf) in HA-I diluent in siliconised tubes. Each aliquot

was mixed with 50 Ul of HA-I agglutinin (2.5 ug protein/ml) and

incubated overnight at 40. The samples were then centrifuged (4009,

5 min). The supernatants were removed and titrated for residual

haemagglutinating activity, adding 40 u I of O.5% guinea pig

erythrocytes to 40 u I of each dilution ofl adsorbed haemolymph in

microtitre trays. The results (Fig 6.5) showêd that the aggJ.utinin was

adsorbed complelely by the erythrocytes but not at all by the

peritoneal ceLls. It seems therefore that few if any receptor sites

flor the M-t agglutinin occur on the surflace of mouse macrophages.



FIGURE 6.5 The capacity of macrophages ( O ) and guinea pig

erythrocytes ( O ) to adsorb the l-{A-1 agglutinin. Experimental detai}s

are given in' the text. The unadsorbed (control) titre (+ 95%

confidence limits) is indicated. The line drawn for the erythrocytes

(y = -I.66x + J.5.08; ,2 = o.97) was calculated by linear regression

analysis. The macrophage data yielded a line (y = -O.42x + 9.73;

,2 = O.4I) with a slope not significantly different from zero, as

determined using the t-test (Sokal & Rohlf, 1969).
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6.2.7 Discussion.

These results showed that sheep erythrocytes sensitised with

B. leachii haemolymph could adhere to mouse macrophages. Previous

efforts to sensitise erythrocytes with haemolymph from another

invertebrate, the fresh water crayfish Cherax destructor, had proved

inef fective (Jenkin, pers. comì. ) and in vieiv of the affinity of the

ascidians to vertebrates, it seemed possibl.e that the sensitising

capacity of B. Ieachii haemolymph was due to a factor which had some

functional and structural similarity to immunoglobulin and bound to Fc

receptors on macrophages. However, since the haemolymph from both

B. leachii and C. destructor was known to contain sheep erythrocyte

agglutinins which, depending on their structure and specificity, might

have been responsible for promoting adhesion between erythrocytes and

macrophages, it was considered important firstly to confirm the

inability of C. destructor haemolymph to promote adhesion and secondly

to determine whether or not haemagglutinins such as plant lectins could

mediate adherence under the same conditions as used with B. leachii

haemolymph.

Although Cherax destructor haemolymph, phytohaemagglutinin and

concanavalÍn A were inactive in these experiments, wheat germ lectin

produced significantly more adherent erythrocytes than the finsensitised

control. The positive result with wheat germ J.ectin was not unexpected

since other workers had shown that mouse macrophages sensitised with

this lectin bound and phagocytosed mouse erythrocytes (Goldman &

Elursker, L976). Nevertheless, in the above experiments, the number of

adherent wheat germ lectin sensitised cells was lower than that

detected when 8.. Ieachii, haemolymph, with an eqüivalent

haemagglutinating activity, was used to sensitise the erythrocytus.

\
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The ability of haemagglutinins and lectins, to promote adherence

of erythrocyles to macrophages clearly depends on the availability of

receptors for the haemagglutinins or lectins on the macrophage

surface. Although this was not investigated in the case of the plant

Ieclins used hete, it has been reported elsewhere that concanavalin A

binds to macrophages (tutton, L975) and that it can mediate the

attachment of bacteria (Allen et aI. , I97L), ,yeast cells (Bar-shavit &

Goldman, L9-/6), mouse erythrocytes (Goldman & Cooper, L975; Goldman &

Bursuker, L976) and sheep erythrocytes (Capo et aI. , 1978). However,

concanavalin A-sensitised mouse erythrocytes were found to bind

strongly to mouse macrophages under experimental conditions different

from those used in this study, ví2. incubation of erythrocytes with

macrophages at 22o and no serum supplement in the culture medium

(Goldman & Cooper, L9-15), compared with incubation at 40 in 199 medium

supplemented with IO% foetal calfl serum (this study). Capo et al.

(1978) reported low levels of adhesion (I.8 sheep erythrocytes per

macrophage) after a I0 min incubation at 40 although a seemingly high

concentratj.on of concanavalin A (O.lZ mg/ml) was used to sensitise the

erythrocytes (cf. Section 6.2.L). Unfortunately, neither the

concentration of erythrocytes used during ,sensitisation nor the amount

of lectin required to agglutinate the cells was mentioried. In the

present study, erythrocytes were sensitised with one agglutinating dose

of lectin or haemolymph and the sensitised cells were incubated with

macrophages at 40. Lhder these conditions, the 9.. Ieachii factor

appeared unusual in its capacity to mediate the adhesion of large

numbers of erythrocytes.

Since the data showed conclusively that the adhesiveness of

sensitised erythrocytes was not due to enzymic *alteration of the
';- '

erythrocyte surface (fig 6.2 & Table 6.4) ¡ it remained to be shown
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whether one of the previously recognised agglutinins (HA-f or HA-2) or

some other factor(s) in B. leachii haemolymph were responsible for the

adherence phenomenon. The HA-I aggJ-utinin (the guinea pig erythrocyte

agglutinin) is inhibited equally welI by lactose and galactose while

the HA-2 agglutinin, which binds to a variety of erythrocyte types

including those from the sheep and guinea p1g, is inhibited only by

lactose. Thus, when the agglutination of mouse peritoneal exudate

cells by haemolymph was found to be inhibited by lactose but not by

galactose, it seemed likely that the HA-2 molecule was agglutinating

these cells. This conclusion was supported by the finding that the

sheep erythrocyte agglutinin (Hn-Z) could be adsorbed by both mouse

peritoneal cel-Is and sheep erythrocytes (fig 6.3). Moreover, since

either erythrocytes or macrophages could be sensitised by haemolymph

for adhesion to the other and because the sensitisation of both types

of cell could be reversed by lactose but not by gaJ-actose or other

sugars, it appeared likely that the HA-z agglutinin was also

responsible for the adhesion between the two types of cell. A purilied

homogeneous preparation of the HA-2 agglutinin tlas later shown to

sensitise sheep erythrocytes for adhesion to macrophages. Furthermore,

comparisons with unfractionated haemolymph, indicated that the adhesive

activity of the haemolymph could be accounted for entiiely by its

content of the HA-2 agglutinin. This conclusion was supported by

experiments with fractions obtained from chromatography of haemolymph

on Sephadex G-200. Fractions which contained HA-z activity were able

to sensitise both sheep and guinea pig erythrocytes for adhesion to

macrophages and the adsorption of these fractions with either sheep or

guinea pig erythrocytes removed both the haemagglutinating and adhesive

activity for each type of red ceII ''¡r
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Although the HA-L and HA-2 agglutinins were both specific for

lactose they were shown to bind to different sites on vertebrate

cells. The HA-I molecule caused agglutination of guinea pig

erythrocytes but, unlike rno" HA-2 agglutinin, it was unable to mediate

the binding ofl these cells to mouse macrophages. Peritoneal exudate

cel}s were not agglutinated by purified FIA-I protein nor were they abJ-e

to adsorb it. It therefore seems that receptors for the HA-l

agglutinin are not present on the macrophage surface in detectable

amounts.

It is important to note that the fractionation and puriflication

procedures employed in this chapter did not separate the HA-t

agglutinin from LBP-1. Nevertheless, it is unlikely that the presence

ofl LBP-I would have altered any of the conclusions regarding the HA-l

molecule. Firstly, the agglutinating activity of the LBP-I per

0.D.ZAO unit is several orders of magnitude lower than that of the

M-l, hence the agglutination titres reflect the FIA-I- concentration and

not that of the LBP-1. lvbreover, the characteristÍcs of the LBP-f and

HA-t binding sites appear to be identical (Schluter, I9B2) and the

LBP-I would not be expected to bind to macrophages.

In conclusion, it appears that the adhesion between erythrocytes

and macrophages promoted by q. Ieachii haemolymph is 'due to the

crossJ.inking by the l1A-2 agglutinin of similar lactose-like

determinants on both ceII types. It is therefore distinct from the

binding of antibody-coated particles to the Fc receptors of macrophages

and there is no reason to believe that the l1A-2 molecule has any

structural similarity with vertebrate immunoglobulin.
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6.3 The phagocytosis of HA-2 sensitised erythrocytes by mouse

macrophages.

It was established in the previous section that the ll{-2
agglutinin, the factor in 9. Ieachii haemolymph responsible for

mediating the adhesion of erythrocytes to macrophages,binds to

oligosaccharide moieties on the macrophage ,.surface. Although this

binding is probably distinct from the binding of immunoglobulins to Fc

receptors, it was nevertheless possible that the HA-2 molecule was

functionally analogous to immunoglobulin and capable of initiating the

ingestion of particles not only by ascidian cells but also by

vertebrate macrophages.

The binding of antibody-coated particles to immunoglobulin Fc

receptors on the macrophage surface has been recognised for some time

to be an effective trigger for ingestion (Berken & Benacerraf, 1966).

l-lowever a number of recent studies have suggested that particles devoid

of immuoglobulin may adhere strongJ.y to macrophages and be efficiently

phagocytosed. For exampJ.e, protein-carbohydrate interactions at the

macrophage surface can, under some circumstances, induce ingestion.

The adhesion of erythrocytes sensitised with the plant lectins

concanavalin A (Bar-shavit & Goldman, L976)'or wheat geim agglutinin

(Goldman & Bursket, 1976) to carbohydrate moieties on the macrophage

surface is apparently sufficient to initiate phagocytosis. Adhesion

through hydrophobic attractions may also result in the ingestion of

particles, e. g. the phagocytosis of aldehyde-treated erythrocytes

(Rabinovitch, 1968 & L97O; Capo et aI., L979) and hydrophic bacteria

(van Oss &. Gillman, L972). In addition, complement (Cl) receptors on

the macrophage surface have been shown to bind Cf-coated particles and

to mediate their phagocytosis in the absence of antibody (Shurin &
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Stossel, L97B; Elar-Shavit et al., L979; Newman et aI., l9B0). There is

however some controversy over the interpretation of the data, since the

presence of C3 on antibody-eoated particles appears to have strong

synergistic effects on Fc-receptor mediated phagocytosis (Ehlenberger &

Nussenzweig, L977). It was suggested by Bar-Shavit et aI., L979 that

it was possibte that a non-sþecific serum IgG may have bound to the

particles and in the presence of C3,.-. initiated significant

phagocytosis. The possibility that cytophylic antibody may also have

been involved in "CJ mediated" phagocytosis should not be overlooked.

Nevertheless, from the other studies cited it appears that phagocytosis

does not always require the presence of irnrnunoglobulin. Hence it was

feasible that the adhesion of particles to the macrophage membrane via

the HA-2 agglutinin may also induce phagocytosis.

Very little is understood about the initiation of phagocytosis.

AJ-though adherence seems to be a prerequisite for the phagocytic

ingestion of particles, adherent particles are not always phagocytosed

(e.9. Griffin & Silverstein, L974). This suggests that a "triggerrr is

necessary to initiate phagocytosis, but the nature of the "trigger'r is

not known. Thus, a study that has the potential to provide information

that would lead to a better understqnding of the I'triggering"

mechanism(s) is justiflied. The ability of' the HA-2 aggJ.utinin to

mediate phagocytosis was addressed both in vivo by measuring the

clearance of erythrocytes from the circulation of mice and in vitro

using mouse macrophage monolayers.

6.3.L The clearance of sensitised erythrocytes from the circulation

of mice.

If mice are injected intravenously with foreign particles, the

particles are cLeared from the circulation at an exponential rate by
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the phagocytic cells of the liver and spleen. The clearance rate,

denoted by the phagocytic index K, varies with the injected particle

and is related to the titre ofl the circulating antibody (Benacerraf

et aI. , 1959; Jenkin, 1964). If a large primary dose of particles las

just been eliminated from an animal-'s circulation then a second dose,

given soon aflter, is removed more slowly and the animal is said to have

been blockaded by the initial dose. However,,. if the particles in the

second dose are first opsonised, then their rate of clearance may be

returned to that of unblockaded animals. This type of experiment was

used to assay for the efflectiveness of opsonisation.

The assay system involved injecting mice intravenously with

0.2 mI of a 2% (v/v) suspension, in saline, of Cr5l-l"b"1}"d

erythrocytes; at I, 2, 5, I0 and 15 min after injection, 0.1 ml samples

of blood were collected from each mouse. The blood samples were

assayed immediately for radioactivity. The elimination flrom the

circulation of Cr51-l"bult"d erythrocytes was indicated by a decline,

with time, in the amount of radioactivity detected. In order to obtain

an accurate estimate of the rate of clearance, at least 9 mice were

injected with either opsonised or normal erythrocytes. Statistical

analyses, analysis of variance and t-test., were performed on log (K)

values calculated for each mouse. The log transformation wäs necessary

in order to satisfly the assumption of homogeneity of variances.

As unsensitised cr5l-l"buIIed sheep erythrocytes injected into

mice intravenously were cleared at a rapid rate (Tab1e 6.9), it was

necessary to inject a blockading dose prior to the injection of

cr51-t"bull"d erythrocytes in order to reduce the rate of cLearance

of the labelled cells. A blockading dose of O.2 mI of a 10%

erythrocyte suspension administered 20 min before ,n: fabellei

erythrocytes was found to reduce the rate of clearance to a level where
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TABLE 6.9 Clearance of Cr -labelled sheep erythrocytes from the

circulation of mice.

Blockadedlf Unblockaded
( control )

Phagocytic index (x)@ after injection with:

Un
cr5l

sensitised Cr5I-erythrocytes
-eryth

(contro
rocvtes sensitised with
Ðó B. Ieachii haemolympn (lHnU)d

Cr erythrocytesd
Uns
5l_

ensitised

0
0
0
0
0
0
0
0
0
0

23*
IB
33

0
0
0
03
02
o27
o3
o2L
o37
03B

o.o99
0.041
0.055
o.o43
o.o94
0.083
o.o35
o.066
o.o72
o.o52

0.095
0.066
o.o91
0.078
0.059
o.o99
o.063
0.05t
o.063
o.o79
0.081

0.028 + 0.00225 ooTrlf0+o640 0.076 + 0.005

@ K = slope of the cl-earance curve, Loglg(no. counts) = X(Time) * â,
where time is I, 2, 5, I0, or 15 min after the injection of labelled
erythrocytes.

\l O.2 mI l0% (v/v) unlgbelled sheep erythrocytes injecLed 2O min prior to
the injection of Cr)r-erythrocytes.

ó, O.2 nL 7,4 (v/v) Cr5l-erythrocytes

* The K value calculated for each mouse using regression analysis.

S Mean + S.E.

tl P < 0.00I (Fff.ZAl = 40.65) compared with unsensitised controls and
P > 0.1 (rfi.b.Ð'= 2.7L) compared with the unblockaded rate of
clearance (aóalysis of variance followed by a priori cornparisons among
means, on log transformed data. The log trañsffiãEion was necessary-to
satisfy the assimption of homogeneity of variances).
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any effect of opsonisation should have been detected. Accordingly, the

effect of sensitising the sheep erythrocytes with haemolymph was

examined using two groups of I0 blockaded mice. The mice in one group

received o.2 mI of a 2% (v/v) suspension of c.5l-l"b"l1rd

erythrocytes which had previously been sensitised with one l-lAU of

haemolymph (L264 dilution), while mice in 'the other group received

0.2 ml of a 2% (v/v) suspension of untreated Cr5l-Labe[ed cefls.

To ensure that the sensitised erythrocytes rvere injected as a

suspension of singJ-e cells, the suspension was vigorously pipetted and

examined microscopically prior to injection. It can be seen from the

data presented in Table 6.9 that the sensitised erythrocytes were

cleared at a rate significantly faster than that of the untreated

cells. Furthermore, a sensitising dose of one HAU was sufficient to

restore clearance to a rate not significantly different f rom tl-'at

obtained with unblockaded animals.

f,þuse erythrocytes also are agglutinated by the llA-2 molecule

(Table 3.L & 3.2; Schluter et aI., 198I) and so it was possible to

check the above result with clearance experiments that did not require

a bl-ockade. The rate of clearance of cr5l-Iabelled mouse

erythrocytes (0.2 mI of a D6 (v/v) suspenqion) sensitised with one l-{AU

of haemolymph (a Lz32 dilution) was compared to that of'unsensitised

erythrocytes. As was expected from the previous experiment, the

sensitised ceIIs were cLeared at significantJ.y faster rates than were

the unsensitised control erythrocytes (p < 0.00I, t'g = IO.28;

Table 6.10). Hencå the l1A-2 agglutinin was able to facilitate the

removal of erythrocytes from the peripheral circulation of mice. There

are two possible explanations for these results. The removal of

sensitised erythrocytes could have been due to their adherence and/or

phagocytosis by cells in the Ilver and spleen, or alternatively tl-ey



51TABLE 6.10 Clearance of Cr -labelled mouse erythrocytes from the

circulation ofl mice.

Phagocyti-c index (K)@ afler injectioÅ with:

Cr5I-erythrocytest[ sensitised
with B. Ieachii haemolymph-ITTU)

Unsensitised
Cr5]-erythrocyteslf

3x0.01 0.0065
0.0069
0.0089
0.007f
0.0078
o.0062
0.0019
0.0059
o.0062

0.011
0.0I7
0.0I9
0.015
0.017
0.0r9
o.o2
0.0I1
o.o2

0.017 + 0.00095 0.0066 + 0.0005

@ K = sJ.ope of the cl-earance curve, Log16(no. counts) = K(Time) + a,
where time is I, 2, 5, I0, or 15 min after the injection of labelled
erythrocytes.

1l O.2 nI 2% (v/v) Cr5l-labelled erythrocytes

* The K value calculated for each mouse using regression analysis.

S Mean + S.E. P < 0.0005 as determined by a t-test performed on log
translormed data (tffsl = 8.802). The J.og transformation was
necessary to satisify the assumption ofl homogeneity of variance.
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could have become attached via the HA-2 molecule to fixed,

non-phagocytic (e.9. epithelial) ceIIs. To determine unambiguously

whether macrophages can indeed phagocytose erythrocytes sensitised with

q.. leachii haemolymph more efficiently than unsensitised ceÌls, âo

in vitro system using peritoneal exudate cells was utilised.

6.3.2 The in vitro phagocytos is of sheep ery.throcytes sensitised

with haemolymph or antibody.
5IPhagocytosis was measured in vitro by adding Cr -labelled

sheep erythrocytes to monoJ-ayers of mouse macrophages. The

erythrocytes were sensitÍsed with one HAU of either q. leachii

haemolymph (L:64 dilution) or rabbit antibody specific for sheep

erythrocytes (L:640 dilution). After the cells had been washed, a I mJ-

suspension (I.5 x I08 celIs) was added to Leighton tubes containing

flying coverslips with adherent monolayers of spread macrophages. An

equal number of unsensitised erythrocyles added to other monolayers

served as the control-s. AII monolayers were incubated for I hr at 40

to allow erythrocyte-macrophage adhesion. They were then transferred

to f7o and the ingestion of erythrocytes was recorded al specific tirne

points over a two hour period, 2-i coyerslips with their adherent

monolayers being sampled at each time point. Ingestion waê measured as

the radioactivity associated with the coverslÍps after they had been

incubated in Tris-buffered ammonium chloride solution (see Chapter 2,

Section 2.L4.4) to lyse non-phagocytosed celIs and extensively washed.

It is evident from Fig 6.6 that erythrocytes sensitised with

haemolymph were phagocytosed at a substantially greater rate than were

unsensitised cells, although fewer 9.. Ieachii sensitised cells were

phagocytosed during a two hour period than was found with antibody

sensitised cells. It is interesting to note that a comparable rate of
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phagocytosis was observed for both types of sensitised cells during the

first 60 min of the experiment, after which time the ingestion rate ofl

B. Ieachii sensitised cells decreased.

In order to check whether the radioactivity associated with the

coverslips was a true representation of the celIs phagocytosed, an

additional experiment vlas performed. It was 
' considered possible tl-'at

the macrophages might have digested some. of the phagocytosed

erythrocytes and released a fraction of the cr51 label into the

culture medium. If so, then the culture medium from those tubes in

which phagocytosis occurred should contain more radioactivity than

medium from comparable tubes where phagocytosis was not possible.

Two sets of 24 tubes were set up. One set consisted of L2

monolayers incubated as before with t mI ofl O.5% Cr5l-erythrocytes

sensitised with haemolymph, while the other L2 monolayers were

incubated with antibody sensitised erythrocytes. The second set of 24

tubes contained a flying coverslip wilh no adherent macrophages and

I mI of O.5% erythrocytes, L2 tubes having antibody-sensitised cells

and L2 tubes having haemolymph-sensitised cells. The tubes were

incubated at 37o for 0,2O, 40, 6O1 90 or 120 min. A 0.4 mI aliquot of

culture medium was removed at the abgve times from each tube,

centrifuged inmediately at 400 g for 5 min and lhe supèrnatant was

assayed for radioactivity. In the tubes with macrophages, the

monolayers were also removed at the times specified and assayed for

phagocytosis. AIt treatments had duplicate tubes for each time point.

This experimerit was repeated using haèmolymph-sensitised erythrogytes

and unsensitised erythrocytes incubated with and without macrophages as

described. The rate of phagocytosis obtained in each group was similar

to that measured previously, these and the previous data were therefore

pooled and the combined resul.ts are displayed in Fig 6.6. The



FIGURE 6.6 The phagocytosis of sensitised and unsensitised sheep

erythrocytes by mouse macrophages. Cr5l-]"be11ed erythrocytes were

added to mnonoÌayers of mouse macrophages and incubated at 37o for the

specified times. Phagocyiosis, measured âs the radioactivity remaining

after lysis of adherent erythrocytes, is shown for erythrocytes

sensitised with one HAU of either q. l-eachii haemolymph

(1232 dilution, O ) or rabbit antibody (t:640 dilution, O ) and

unsensitised erythrocytes ( x ). Mean values + one standard error are

shown for samples for which 3-7 monolayers were counted.
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radioactivity detecled in the supernatant, expressed as a percent of

the total added, ranged from an average of I.B% for the unsensitised

erythrocytes to 2.7% for the haemolymph-sensitised cells. lvlacrophages

had no efflect on the quantity of radioactivity in the supernatant in

either group, even in tubes where substantial phagocytosis had

occurred. It appeared, therefore, that the label. associated with the

ingested erythrocytes remained within the macrophages for the duration

of the experiment and since no radioactivity was found associated with

coverslips that did not have adherent macrophages, the radioactivity

associated with coverslips following NH CÌ lysis was taken as a valid

indicator of phagocytosis.

6.3.3 The relationship between adhesion and phagocytosis.

l"lacrophages clearly phagocytosed erythrocytes which had been

sensitised with B. Ieachii haemolymph and the rate of phagocytosis ofl

the cells during the flirsl hour of incubation was comparabJ-e to that of

antibody-sensitised cells (r:.9 6.6). Upon further incubation, the

antibody-sensitised celIs continued to be ingested at an unchançd

rate, whereas the ingestion of haemolymph-sensitised cells ceased, i.e.

the number of haemolymph-sensitised cells whÍch had been ingested after

two hours was the same as thal observed after one hour. Elecause

adherence is a pre-requisite for phagocytosis, it was conceivable üat

this cessation of phagocytosis of haemoJ.ymph-sensitised cells was due

to a loss of adherent erythrocytes.

To determine whether the number of antibody-sensitised and

haemolymph-sensitised erythrocytes initially adhering to macrophages

was similar and whether the nunber of adherent cells decreased, by

dissociation, with time, the following expe{timent was performed. Two

groups of 
"Z4r4acrophages 

monolayers were set up to monitor the extent
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ofl adherence and phagocytosis over a two hour period. Phagocytosis was

monitored to ensure that the erythrocytes used in this adherence assay

followed the same ingestion kinetics as that observed earlier with

other batches of erythrocytes. Both groups of monolayers consisted of

three sets of eight tubes: one set was incubated with unsensitised

erythrocytes and the other two with erythrocytes sensitised with either

antibody or haemolymph (each at one HAU). To.. measure phagocytosis, one

group (24 monolayers) was incubated at 40 for I hr to allow the

erythrocytes to adhere to the surface of the macrophages. The

monolayers were then incubated al 37o for various }engths of time. The

second group oi 24 monolayers, used to measure any alteration in

erythrocyte adhesion, was kept at 40, since phagocytosis does not occur

at this temperature (Rabinovitch, L967). Two monolayers from each set

of erythrocyte treatments within both the phagocytosis and the

adherence groups were sampled at 0, 30, 60 and I2O min. These

coverslÍps, with their adherent monolayers, were immediately washed in

saline, then incubated in either Tris-NHOCI (phagocytosis group) or

saline (adherence group), washed and assayed for radioactivity.

From Table 6.II it is apparent that, as in the previous

experiment (Fig 6.6), phagocytosis of the haemolymph-sensitised cells

virtuaÌly ceased after 60 min whereas the antibody-sen'sitised cells

continued to be ingested. At L2O min the number of phagocytosed

antibody-sensitised cells more, than doubled that of the

haemolymph-sensitised cells. In contrast, after 2 hr incubation at 40

the nurnber of adherent erythrocytes per coverslip was similar for both

the haemolymph and antibody-sensitised cells (7.8 x I05 and 9.6 x
q

I0- respectively). AJ-though very few unsensitÍsed cells bound to the

macrophages, a rather high proportion of these were phagocytosed. The



TABLE 6.]1

Treatment

of
erythrocytes

B. Leachii 2ll1t
na-enrõT/ffi 1.8 x Io4*

The adhesion and phagocytosis of sensitised and unsensitised sheep erythrocytes by mouse macrophages

in vitro.

Sampling time (min) flor assaying phagocytosis and rosette formation

0 70 60 L20

Phag. RosetteslÉ Phag. Rosettes Phag. Rosettes Phag. Rosettes

7366
6.4 x I05

3456
1.0 x 105

104
9.0 x 101

308
2.6 x IO4

63I
5.5 x 104

7952
6.9 x 105

8359
7.3 x IO5

258
2.2 x IO4

598
5.2 x IO4

993
8.6 x 104

92
8.0 x 101

IO344
9.0x1

632
5'.5 x IO4

I666
1.4 x 105

L22
1.1 x 104

8969
7.8 x Lg5 g5

5
Anti-SRBÇ
AntibodyS

Unsensitised
(control)

87
7.5 x LO7

29
2.5 x LO3

57
xl94 93

IO567
9.2 x IO5

r0l
2.6 x IO4

ITO23
9.6 x LO

330
2.8 x r04

Ì,

# Adherent erythrocytes.

@ One haemagglutinating dose = 1232.

S Rnti-sfreep erythrocyte antibody, one haemagglutinating dose = I:1280.

't¡ iladþactivity (counts,/5 min) of the retained sheep erythrocytes - mean of duplicate monolayers.

* Numbers of erythrocytes as calculated from their specific activity.
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adhesion of these unsensitised cells may have been mediated by

cytophylic antibody on the macrophage surface.

If, as was suggested by the previous preliminary experiment,

one l-lAU of haemol-ymph or antibody can sensitise erylhrocytes for

adhesion to macrophages to the same extent, then the lack of

phagocytosis of haemolymph-seàsitised cells after one hour incubation

was not explicable through a lack of adherent cells and alternative

explanations were necessary to account for the phenomenon. It was

therefore important to assess more accurately the relative extent of

adherence. Accordingly, erythrocyte adhesion was re-examined with a

larger number of monolayers and extra time points. In lhis case,

monolayers were incubated with unsensitised erythrocytes or with cells

sensitised with one HAU of either haemolymph or antibody (12 monolayers

per treatment). The monolayers were incubated as before for I hr at 40

before beginning the adhesion measurements and incubation was continued

at 40 for all groups. Two monolayers from each group were sampled

after 6O, 80, L2O, 150, and 180 min of incubation (total elapsed

time). The data obtained were homogenous with the adhesion data flrom

the previous experiment (taOle 6.If); consequently they were pooled and

are displayed in Fig 6.7.

Regression lines were calculated from the erythroiyte adhesion

data for each group and the amount of variation explained by these

Iines was determined by an analysis of variance (Sokal & Rohlf, L969).

The variance explained by the regression line for the

haemolymph-sensitised cel-ls was not significant Í.e. the slope of the

regression line did not differ significantly from zero. This indicated

that the maximum number of haemolymph-sensitised erythrocytes adhering

to the macrophages was attained before sampling began and remained

static subsequently (fig 6.78). These data could therefore be
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FIGURE 6.7 The adherence of erythrocytes sensitised with either

antibody or haemolymph. Cr51-IabeU-ed erythrocytes, sensitised with

r HAU of rabbit antibody (A) or q. teachii haemorymph (B), or

unsensitised (C), were added to monolayers of mouse macrophages and

incubated at 40 for the time speciflied. Adherence lvas measured from

the radioactivity associated with monotayers after washing. Regression

lines, carcurated for both anti-body-sensitised erythrocytes

(1og y = 0.0028x + 3.6) and unsensitised erythrocytes

(1og y = O.OO24x + 2.2) are shown. The regression line cal-culated for

haemolymph-sensitised erythrocytes did not explqin a significant

proportion of the variance and these data are therefore summarized as a

mean + 95% confidence limits (plot B). The kinetics of adhesion of

haemolymph-sensitised and antibody-sensitised erylhrocytes are compared

together in (A), the stippled area representing the 95% confidence

limits around the mean for the haemolymph sensitised cerls ( Þ ).
Confidence limits (95%) are also given flor the regression line of the

antibody treated cells (---).
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summarized by a mean with 9596 confidence limits calculated after

pooling across all time points. Regression lines calculated lor the

adherence of unsensitised and antibody sensitised erythrocytes did

explain a significant amount of the variation (fi-g 6.7A & C, P <0.001

and P < 0.01 respectively) and the slopes were significantly greater

than zero. This indicates that the numbers of these cells adhering to

the macrophages increased during the experiment. The regression

coefficients (i.e. slopes) of these two lines were not signiflicantly

different (t-test, P >0.5; Sokal & Rohlf, 1969), although the absolute

number of adherent erythrocytes lvas quite dif,ferent between the two

groups. The unsensitised cells may have bound through cytophilic

antibody on the macrophage surface.

It was shown by the overlapping 95% confidence limits,

calculated for the mean of the haemolymph sensitised cell adherence

data and the antibody treatment regression Iine, that over the Iast

60 min of the experiment the number of adherent antibody and

haemolymph-sensitised cells did not differ significantly. This

occurred despite the different binding kinetics ofl these two cell

preparations (fig 6.7A). 'It is possible therefore, that the low

numbers of haemolymph-sensitised erythrocytes phagocytosed were due not

to a reduction in the number of adherent erythrocytes but rather to

differences in the triggering of phagocytosis.

6.7.4 Discussion.

other workers have previously reported that the plant lectins,

concanavalin A and wheat germ }ectin can, under some conditions, induce

phagocytosis of erythrocytes (Bar-Shavit & Goldman, L976; Goldman &

Bursker, L976 and Goldman & Cooper, L975) but to my knowledge there

have been no similar attempts with invertebrate lectins. The results
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presented earlier in this chapter (Section 6.2) showed that the HA-z

agglutinin was responsible for promoting the adhesion of

haemolymph-sensitised sheep erythrocytes to mouse macrophages, and the

data presented in this Section (6.3) have indicated that in vitro (and

probably in vi.vo), the HA-2 agglutinin can also induce mouse

macrophages to phagocytose a significant numder of erythrocytes.

Although adhesion through the HA-2 agglutinin induced

significant phagocytosis, the number of HA-2-sensitised erythrocytes

phagocytosed after I hr in vitro was substantially lower than that of

antibody-sensitised cells. This flinding might have been explained if
sensitisation with one HAU of antibody had caused more erythrocytes lo

bind to the macrophages than did sensitisation with one HAU ofl

haemolymph. In fact, after I hr of incubation at 40 the reverse was

true - there were more adherent haemolymph-sensitised cells tl-nn

antibody-sensitised cells. If incubation at 40 was continued for a

further 2 tt then the number of adherent antibody-sensitised cells

increased to be not significantly different from that of the

haemolymph-sensitised ceIIs, which had nol altered significantly fmm

the nurnber recorded after I hr at 40 (fig 6.7). This result also

indicated that adherent cells did not dissociate from the macrophages

to any appreciable extent over this time period at 40.

The difference in the phagocytic rates may have been due to

differences in the number andlor distribution of Fc and HA-2 receptors

on the macrophage surface and in the density and distribution of FIA-2

or antibody on the erythrocyte surface. The number and distribution of

Iigand molecules on adherent particles has been shown by other workers

.to be a critical parameter in the triggering of ingestion. For

example, the efficiency with which sheep erythrocytes are_phagocytosed

by macrophages depends on the number of IgG molecules coating the
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erythrocytes (EhLenberger & Nussenzweig, 1977). Also, Griffin et aI.,

(L916) found that mouse lymphocytes, previously capped at 37o with

rabbit anti-mouse IgG, adhered to macrophages via the immunoglobulin

cap but were not phagocytosed, whereas lymphocytes treated with

antibody at 40, to prevent capping, were phagocytosed. Thus, it seems

that for ingestion to occur the opsonins must be distributed over a

considerable proportion of the surface of the bound particle. This

appeared to be necessary not only to guide the macrophage membrane over

the surface of the particle but also to generate repeated "triggetsrl

for phagocytosis. This conclusion was derived from experiments where

erythrocytes, attached to normal macrophages through Fc and Ct

receptors, were not phagocytosed, if the excess (unoccupied) Fc

receptors were blocked after attachment by anti-macrophage antibody.

t"tacrophages which were not treated with antibody ingested the adherent

erythrocytes (Shaw óc Griffin, 1981). The anti-macrophage antibody had

been previously shown to block lgG-mediated adherence and phagocytosis

but not the phagocytosis of formaldehyde-treated erythrocytes or latex

particles (l-blland et aI. , L972; Bianco et al. , L975) or adherence

through the C3 receptor (Bianco et 4. , 1975). In the system

described, although the attachment of the macrophage membrane to the

surface of a large proportion of the particle was possible through C3

receptors, this was not sufficient to induce phagocytosis. Ingestion

appeared to require that repeated "triggers" for phagocytosis,

generated through the binding of antibody to Fc receptors, be

distributed over the particle's surface.

Since multipoint binding is essential for phagocytosis (Griffin

et aI., L976; Shaw & Griffin,.l98I) the ingestion kinetics exhibited by

particles opsonised with HA-2 agglutinin or antibody could be explained

by diflferences in both the numbers of Fc and l1A-2 receptors on the
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surface of macrophages and the numbers of agglutinin or antibody

molecules on the erythrocyte surfaces. The nunbers of HA-2 receptors

on the macrophage surface may mean that after 60 min at 37o the

remaining adherent agglutinin coated erythrocytes do not bind through

sulficienl HA-2 receptors to trigger phagocytosis. The relative

numbers of HA-2 and Fc receptors on the maciophage surface has yet to

be determined. The mean numbers of VlA-2 or-.antibody molecul-es bound

per sheep erythrocyte at one haemagglutinating dose have been

calculated to be within the same order of magnitude, approximately

22.OOO l1A-2 molecules (P.L. Ey personal communication) and

4,000 - 20,000 molecules of IgG antibody (Greenbury et aL., 1963; Ey

et aI., 1980). However, the number of molecules required to trigger

phagocytosis may weII be different. If more HA-2 molecules, than

antibody moÌecules, are required to generate each phagocytic signal

then this would also account for the cessation ofl HA-2 mediated

ingestion while antibody mediated phagocytosis continued.

Another aspect of the difference in phagocytosis of l1A-2 and

antibody-sensitised erythrocytes to be considered is the relative

affinity of antibody and the HA-z agglutinin for their erythrocyte

receptor sites. Although the mean number of bound antibody and ¡iA-z

molecules was probably comparable immediately after sensÍtisation (see

above), after t hr at 37o this may no longer have been true. It l^ns

been shown that the monomeric immunoglobulin molecules on the

macrophage surface are in rapid equilibrium with the irnrnunoglobulins in

the cell's inrnediate environment (Unkeless & Eisen, L975) and it is

likely that this is also the case for HA-2 molecules binding to both

erythrocytes and macrophages. Thus, one could reasonably expect some

transfer of l1A-2 molecules from both adherent and non-adherent

erythrocytes to the macrophages, since upon dissociation from an
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erythrocyte an HA-2 molecule could rebind to either an erythrocyte or a

macrophage. The rate and extent of transfer would clearJ-y depend on

the rate of dissociation and on the relative availability of receptor

sites on the erythrocytes and macrophages. However, macrophages have a

larger nurrnber of receptor sites for the HA-2 agglutinin (see Section

6.2.3; Fig 6.t) and the tiansfer may, ultimately be of sufficient

magnitude that the erythrocytes are insufficienù1y sensitised to

trigger phagocytosis. In contrast, âny dissociated antibody wouLd

preferentially rebind to an erythrocyte, since macrophage Fc receptors

have a low affinity for uncomplexed IgG molecules. As a result of

these processes, it is probable that, after prolonged incubation with

macrophage monolayers at 37o, antibody-sensitised erythrocytes remain

fulIy sensitised but HA-2-sensitised erythrocytes become partly or

wholly de-sensitised. Thus, if the number of HA-2 molecules which bind

to the macrophages is insufficient to sensitise these cells, one might

expect to record a decrease in the number of adherent HA-2 sensitised

erythrocytes during the incubation. However, the decrease in the

number of ll{-2 molecules coating the erythrocytes may have been

sufficient to afflect phagocytosis, but insufficient to cause a loss of

adhesion. The adhesion experiments we,re performed at 40 and any

dissociation ofl agglutinin molecules would have occurred at a slower

rate than at J7o.

It remains to be determined whether or not the macrophage HA-2

receptor is associated with either Fc or C3 receptors. It is quite

possible that the HA-z agglutinÍn binds to both Fc receptors and C3

receptors since these are glycoproteins (¡,tellman & Ukeless, 1980;

Schneider et al., I9Bl). However, it wouLd be surprising if these two

receptors constituted more than a small fraction of the total binding
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sites available to the agglutinin on the macrophage surface- such

information would be valuable in characterising the events involved in

the initiation of the phagocytic process. Nevertheless, this study'

atong with others (see Section 6.2.L), has indicated clearly that the

phagocytosis of foreig particles can be induced by molecuLes other

than antibody. Moreover, the present investigation is novel in that an

invertebrate lectin has been shown to induce a phagocytic response in

vertebrate celIs.



Chapter 7.

GENERAL DISCUSSION.
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This study was initiated with the aim to obtain information not

onty on the recognition of floreign particles by the phagocytes of an

invertebrate but also on the evolution of vertebrate irnrnunogtobulin. A

protochordate and in particular Eþtrylloides leachii l¡/as chosen for

this investigation because:-

(1) the protochordates are considered to have diverged from the

immediate ancestor of the vertebrates (Berrill, 1955) and hence are

'Iikely to be invaluable in a study of the evolution of the

vertebrate immune resPonse;

(2) virtually nothing u/as known about the mechanism utilised by

protochordate phagocytes in the recognition of foreign particles;

(l) observations in the field suggested that 9.. Ieachii is able to

but also certain

for a

Katow &

documented

closely related sPecies,

V'latanabe, I980) and

(4) it had been reported from histological work with colonies of

B. Leachii from ltaly that during aestivation, degenerating zooids

were phagocytosed by an enlarged population of amoeboid celi's

(BurigheÌ et al. , 1976).

There is a number of ways of approaching an investigation of
.ú

invêrtebrate defence Iesponses to foreign particles' In this case'

because a study on the recognition of con-specifics by Botryllus

primigenus produced evidence that this phenomenon was controlled by

either celLular or molecular components of the haemolymph (Mukai'

Lg67), it lvas decided as the first approach to investigate the

haemolymph of q. leachii for possible "recognition" molecules. In

chapter I, the possibility that invertebrate haemagglutinins may

function aS opsonins was examined. Howevet, it was noted that the

recognise as foreign not only other species

con-specifics, a capacity that has been well

Botryllus primigenus (Oka' L97O;
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evidence for this suggestion was largeJ.y circurrnstantial save for the

demonstration by Renwrantz and his colleagues that the opsonising and

agglutinating activities of Helix pomatia haemolymph can be inhibited

by the same sugar (Renwrantz, L979; Harm & Renwrantz, 1980). If

haemagglutinins did perform ån essential function in ascidians then it

might be expected that they would be found in the haemolymph not only

of B. leachii but also of a wide variety of ascidians. This was found

to be the case, àIfiough considerable variation in titres was observed

and haemagglutinins of different specificity were evident in different

species (Chapter 3). It was con'sidered that these results warranted a

detailed investigation aimed at determining unambiguousJ.y whether or

not the haemagglutinj-ns. from B. leachii function as recognition factors

for this species.

The possibiJ-ity that the mechanism by which q. leachii cells

recognise foreign material may represent an early ancestral form of the

mechanism used by vertebrate macrophages was another aspect of this

study. It was proposed that if a molecule with an opsonic function in

q. leachii colonies also functioned as an opsonin for vertebrate

macrophages then some structural homoJ-ogy between the invertebrate

opsonin and antibody might underly this functionaÌ homology.

AccordingJ-y, the. capacity of the g. leachii agglutinins to opsonise

particles for phagocytosis by vertebrate macrophages was examined.

Investigations by Sam Schluter, performed in paralJ.el with this

study (Schluter et âf., 198J.; Schluter, 1982), resulted in the

purification and characterisation of two haemagglutinins (HA-I and

HA-2) originally detected in 9. Leachii haemolymph. As the

physico-chemicaÌ properties of the 9.. leachii aggJ-utinins became

evident, the haemolymph of other ascidians was examined not only for
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the plesence of haemagglutinins Ær se but also for any structural

similarities of the haemagglutinins with the HA-t and HA-2 molecules

from 9. leachii. HaemoJ-ymph samples from 22 different species of

ascidians were tested in this regard and samples from four species

appeared to possess agglutinins resembling, at least superficially' the

HA-I agglutinin. One of the samPles ( from Botryllus sP. ) also

contained an "ll\-2 l-ike" molecule. It is noteworthy that the four

ascidians possessing the "l-lA-l like'r molecule aII belong to the same

order as 9. Ieachii; three belong to the same family and of these

Botryllus sp. is the most closeJ-y related to q. Leachii, being

classified as a member of the sub-family Botryllinae.

A detailed comparison of the q. leachii and Ebtryllus sp.

agglutinins revealed some differences. The Elotryllus "HA-l Like"

molecule eluted at the same position as the q. leachii HA-l after

chromatography on Sephacryl 5-100, but analysis by velocity

sedimentation in sucrose density gradients indicated that it was

slightly smal-Ier than the B. leachii HA-I. These results suggest that

the Botryllus sp. agglutinin may be more aglobular than the HA-l

agglutinin which is known to be an asymmetrical molecule (Schluter,

1982). The two molecules exhibited identical sugar binding

specificities îP a dependence on divalent cations (Ca**; Schluter

et al., lg8l) for binding activity. No antigenic cross-reactlvity was

observed. A þreliminary SDS-PAGE anaJ-ysis suggested that the

Botryllus sp. agglutinin was structurally quite distinct from the B.

leachii aggtutinin or LBP-I since it did not appear to share any

subunits with the B. Leachii: proteins. The Botryllus sp. sheep

erythrocyte aggl.utinin was identical to the B. leachii l-lA-2 agglutinin

in size and subunit structure. These two agglutinins wele also

antigenicalty cross-reactive but not identical and interestingly there
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was a slight difference in their binding site specificity as J.actose,

melibiose and D-galactose were alI more effective inhibitors of the

Botryllus sp. agglutinin than of the l1A-2 molecule. These findings

strongly indicate that the genes coding for these two agglutinins have

evolved independently from a common ancestral gene.

The initial screening of the haemolymph samples from the

diflferent ascidians was based on identifying molecules with similar

bin'ding site specificities and cation requirements to those of either

the HA-l or l1A-2 agglutinins. Hence, it is feasibl-e that other

undetected aggÌutinins, possibl-! structurally related to the HA-l or

HA-2 but with different binding site specificities, could exist in the

haemolymph of B. Ieachii and/or other species. Because of the lack of

pubJ.ished physico-chemical data on the agglutinins detected by other

workers, the identification of any agglutinins structurally related to

the HA-l or HA-2 from the published information is not possible.

The possibility that the e.. leachii agglutinins were opsonins

was investigated both in vivo and in vitro. It was reasoned that if

the response mounted by 9.. l-eachii colonies as a defence against

foreign particles is analogous to that of vertebrates, then one might

expect that .1n. 
concentration of a recognition molecule (an

agglutinin?) in the haemoJ.ymph may reflect the extent of previous

exposures to stimulating substànces. If environmental factors were

stimulating the production of the aggJ.utinins, then altering the

environment may be expected to cause a change in titre. This was

tested experi.mentally by measuring the change in the HA-1, titre after

colonies were relocated, from a region where the animals exhibited a

high titre to a region where the HA-l titre was Low and vice versa

(Chapter 4, Section 4.2). Transfer to a new environment did alter the
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HA-t titre. A drop in titre was recorded when colonies, originaJ-ly

from the region where P'A-l titres vrere low, were moved to'the region

where the animals exhibited high titres, while the reciprocal transfer

resulted in an increase in the l-tA-] titre. The direction in which the

titres changed suggested that environmental stimuLi alone were unJ-ikely

to have accounted for the quantity of HA-L agglutinin in q. leachii .

haemoJ-ymph but other factors, possibly genetic, were also involved

(Chapter 4, Section 4.4).

In the exÞerimental system described above neither the

specificity nor the nature of the stimulus inducing the change in HA-l

titre could be investigated. In another experiment B. leachii colonies

were injected with erythrocytes known to have HA-2 but not M-l

receptors on their surface. It was possibJ.e in this system to

determine not only whether or not the HA-2 titre could be altered but

also the specificity of any change induced. Colonies were injected

with sheep or chicken erythrocytes and the haemolymph was monitored for

an al-teration in the level of the l1A-2 agglutinln. The results flrom

this work (Chapter 4, Section 4.3) indicated that j.t was possibJ-e to

produce a small but significant increase in the HA-2 agglutinating

titre of haemol-ymph foJ.lowing injection of erythrocytes and furthermore

as the HA-l titre was not altered by injection of sheep or chicken

erythrocytes this increase appeared to be specific. There was,

however, ño indication of an anamnestic response similar to that

observed in the vertebrates.

The notion that either of the B. leachii haemaggJ.utinins and in

particular, the ffi-2, was acting as an opsonin was supported by

in vitro work with B. leachii haemocytes. The haemocytes, in vitro,

were found to bind untreated sheep erythrocytes. As sheep erythrocyLes

possess receptors for the HA-2 mol-ecule the possibiJ.ity that thj.s

aggJ.utinin was involved in recognition rvas investigated. The binding
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of sheep erythrocytes to 9. leachii haemocytes could be specifically

inhibited by a sugar (lactose) which also lnhibited the HA-2 agglutinin

and by IgG antibodies specific for the l1A-2 molecule (Chapter 5,

Section 5.3)i hence it was concluded that adhesion occurred via the

HA-2 agglutinin. The finding that B. leachii haemocytes ingested"sheep

erythrocytes in vivo was in accordance with the suggestion that the

HA-2 is an opsonin.

' The method by which the l-tA-2 agglutinin mediated the adhesion of

unsensitised erythrocytes to haemocytes was investigated by

immunofluorescent studies. This work indicated that unsensitised

erythrocytes became coated with HA-2 aggJ.utinin and that receptors for

the HA-2 molecule appeared to exist on the surface of some B. Ieachii

haemocytes. Presumably, therefore, the haemocytes were secreting l1A-2

molecules which then sensitised the erythrocytes for adhesion, via the

HA-2 receptor, to the haemocyte surface. It is noteworthy that no l-lA-2

aggJ.utinin could be detected on the surface of washed haemocytes in the

absence of erythrocytes. It is possible that the sheep erythrocytes

stimulated the reLease of the HA-2 and/or that uncomplexed l-tA-2 bound

with very low affinity to the surface of the haemocytes. The latter

hypothesis accomodates the finding that in the majority of cases ll{-2

molecules could"not be detected on the surface of haemocytes shown to

possess HA-z receptors (i.e. they had erythrocytes attached), even

though the erythrocytes on the same monolayer appeared coated with

agglutinin. If, in vivo, foreign particles bearing the appropriate

carbohydrate moieties stimul-ate haemocytes to secrete HA-2 agglutinin,

or other recognition molecules, as part of the phagocytic plocess then

it is possible that the efficient phagocytosis of a particle can be
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maintained for long periods in the absence of a

anamnestic response. Thus, any selective advantage

anamnestic response could well be minor.

vertebrate type

afforded by an

I would like now to discuss these results within the framework

of the model proposed in Chapter I. The model predicts that

phagocytosis is controlled by two signals. A signal triggering

phaþocytosis is generated by the binding of a particle to the

phagocytic cell; binding can be via a cel-l surface receptor or an

opsonin, or an attraction caused'by the physical characteristics of the

particle and the phagocyte (e.9. charge or hydrophobicity). A second

signal control-s self-reactivity. A "don't kiÌI" signal is generated by

the binding of a self p=cognition molecule (H) to its complementary

receptor (anti-H) on the surface of the phagocyte. Thus, phagocytosis

may proceed unLess sel-f is recognised and the rrdon't kill" signal

over-rides the trigger for phagocytosis.

The adhesion of erythrocytes to q. leachii phagocytes via the

HA-2 aggJ.utinin (the opsonin) may be expected to produce an ingestion

signal. However, as ascidian cells possess receptors for uncomplexed

HA-2 then the adhesion ofl two ascidian cells via the HA-2 molecule is

also feasible. 
.lt 

on" of these cells were a phagocyte then presumably

ingestion would be triggered unLess, according to the model, a

rrdonrt kill" signal generated by the recognition of self determinants

(H binding to anti-H) were to over-ride the signal for ingestion

(Fig 7.I).

It is not known which haemocytes (Fig 7.1) secrete the HA-2

molecules. If only phagocytic cells secrete W-2, it may be that the

physical contact of a particJ.e (e.9. a sheep erythrocyte) with a

phagocyte is sufficient to stimulate the reLease of ll\-2. One coul-d
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FIGURE 7.I The model proposed in Chapter J- to expJ.ain phagocytosis by

invertebrate cel-Is is here applied to the situation envisaged for

B. Ieachii haemocytes.
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¡'
argue that the agglutinin would then be in high concentration only in

close proximity to the phagocyte. The stimulating particle would

rapidly become coated with agglutinin, bind to the haemocyte and so

trigger phagocytosis. The necessity for a second signaJ. is n¡t

eliminated by assuming that the opsonin is concentrated around the

phagocyte. In the absence of a self/non-self recognition method other

than via the opsonin, a self cell possessi-ng HA-2 receptors could

stimulate the release of j1A-2 agglutinin through contact with a

phagocyte and so become phagocytosed. In this variation of the model,

the ,,donrt kill" signal could be manifested as the inhibition of l]A-2

release. However, this is considered to be unJ-ikely because in the

absence of a positive rrdonrt kill" signaÌ some self cells bearing M-2

receptors may be sensitised by the HA-2 molecules in haemolymph and so

become phagocytosed.

The proposal- that the foreign particle stimulated the immediate

release of agglutinin from haemocytes (not necessarily the phagocytes)

is in accordance with the in vitro data and could explain why no HA-2

agglutinin could be detected on the surface of washed haemocytes in the

absence of sheep erythrocytes. It is however a little more difficult

to account for the in vivo data. Sheep erylhrocytes wele shown to

stimulate the production and/or release of the HA-2 agglutinin in vivo,

but as this occurred two weeks after erythrocytes had been injected it

is unlikely to have been caused by the erythrocytes triggering HA-2

rel-ease as an immediate part of the phagocytosis event. It is possibJ.e

that the phagocytosis of erythrocytes, probabJ-y involving a restricted

number of haemocytes, may have triggered a systemic response which

resulted in an increase in the number of l-lA-2 secreting cefls and/or an

increase in the synthesis of P,A-2 agglutinin by the haemocytes. Any

HA-z released immediateJ-y after injection as part of the process of
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phagocytosis may not have been detected because of the insensitivity of

the titration assay performed on haemolymph collected from the whole

colony. If the model is correct and erythrocytes stimuLated M-2

release by contact with haemocytes, then this would most likely have

been a local event and thus undetectable when diluted by the total

vol-ume of haemoJ.ymph in that colony. Another factor to be considered

is that the sheep erythrocyte agglutinating titre of haemolymph from

unstimulated colonies is such that erythrocytes are likely to be coated

with agglutinin immediately upon entering the circulation. It may be

that opsonised particres do not stimulate the reJease of more

agglutinin.

An interesting finding was that uncomplexed HA-2 agglutinin did

not appear to bind haemocytes. Cunningham (1980), in a discussion of

self-tolerance within the vertebrate immune system, took up the point

made by Cohn (1972) that it is the diversity ol self-determinants which

sets the necessary size of the immune repertoire. He argued that

antibodies must be present in enough diversity to ensure that at l-east

some of the antibodies to a foreign antigen bind self dete¡minants with

low affinity and so escape the mechanisms which suppress anti-self

antibodies. The probability that all invertebrate opsonins wiII, Iike

the HA-z moÌecule, fit Cunningham's criteria is open to question,

particularJ.y as invertebrates appear to lack a vast array of opsonins

with the fine specificities exhibited by antibodies. Because the

production of many opsonins would be energetical.ly expensive it may

have been selectively advantageous for the invertebrates to possess a

few opsonins with broad specificities for common components of cell

surfaces. If self reactivity is controlled by a recognition of self

determinants (H and anti-H), then opsonins would not need to have a Low
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affinity for self cells. Furthermore, the diversity of determinants on

self cells would not have any bearing on the repertoire of the opsonins.

One could postulate that opsonins with a J.ow affinity for self

when uncompJ-exed were advantageous for reasons other than a prevention

of self-reactivity. For exampl-e HA-2 molecules, circulating in the

haemolymph and free to bind or to opsonise particles bearing the

appropriate carbohydrate moiety on their surface, mây induce a more

rapid immobilisation, of potential pathogens than is achieved by similar

numbe¡:s of cell-bound HA-2 molecules. In fact some opsonins may exist

both as mol-ecules circuJ-ating 'in the haemolymph and bound to the

surface of cell.s, Ê.g. the Helix pomatia opsonin/agglutinin (Harm &

Renwrantz, 1980; Renwrantz et al., 1981). Although the functions of

the haemolymph molecul-es HA-I and LBP-I are not known, it is of

interest to hote that at least one of them also exists on the surface

of a large number of B. leachii haemocytes.

A separate aspect of this study the possibility that the

B. leachii haemagglutinins may bear some evolutionary relationship with

immunogJ.obulin, was addressed by attempting to opsonise erythrocytes

with 9. leachii haemolymph for adhesion and ingestion by mouse

macrophages. A factor in B. leachii haemoJ.ymph was found to promote

the adhesion of sheep erythrocytes to macrophages and the phagocytosis

of some of the adherent cells. Lactose was found to inhibit the

adhesion of these erythrocytes to macrophages and also the

agglutination of both macrophages and sheep erythrocytes. It therefore

appeared that the sheep erythrocyte agglutinin was also the opsonin.

This was confirmed when a purified preparation of the sheep agglutinin

(HA-2) became available. It is noteworthy that binding of the HA-]

agglutinin to macrophages could not be detected. Because both
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erythrocytes and macrophages could be sensitised by haemolymph for

adhesion to the other and the sensitÍsation of both could be reversed

by lactose but not by galactose or other sugars, it was concluded that

the adhesion of sheep erythrocytes to macrophages was a

hetero-aggJ-utination reaction, the agglutinin cross-linking similar

lactose-Iike sites on both cel-ls. Thus, although the HA-2 agglutlnin

was acting, like antibody, as an opsonin with vertebrate cells, there

vùas no evidence, that this aggJ.utinin vlas structurally related to

imrnunoglobulin. Schluter (1982) arrived at a similar conclusion after

investigating the structure of the HA-2 mol-ecule. He found the ll[-2

moLecule to be dimeric, consisting of two polypeptide chains with

mol-ecular weights slightly larger than an immunoglobulin tight chain

but with only one disuJ.phide loop per subunit. It was presumed that

since an invariant feature of all immunogJ.obulin molecules is that the

core of each domain is enclosed within a disuJ.phide loop then a

primordiaL "immunoglobulin" mol-ecule was also likely to have possessed

such a feature. The HA-2 molecule does not have this characteristic.

Recent ideas as to what may constitute a primordal

inrnunoglobluin molecule have concentrated on cell surface components

and in particuJ-ar the Thy-I glycoproteins (Williams, L9B2; Williams &

Gagnon, I9B2)... The Thy-J- glycoprotein is the size of an immunoglobulin

domain, the arrangement of its disulphide bonds is similar to that of

alI immunoglobulin domains and furthermore there is marked homology

between the amino acid sequences of Thy-l and the variable-region

immunogj-obulin domains. The rol-e of Thy-1 is not known, al-though it

has been proposed both that Thy-l may function as a receptor for

another molecule (e.9. a hormone) or that it may be a ligand recognised

by receptors on other cells and may function in celL recognition during

morphogensis (l,filliams , L982; WilJ-iams & Gagnon , I9B2). The latter
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ploposal is of particular interest in view of the homology Thy-t was

shown to exhibit with ßr-microglobulin and inrnunoglobulin constant

regions and hence with class I histocompatibiJ.ity antigens (williams &

Gagnon, L982).

A gJ-ycoprotein bearing dÍstinct homologies with rodent Thy-l has

been purified from the brain of squid (l'lilliams & Gagnon, 1982). The

squid molecule had a similar molecular weight and amino acid compostion

t'o mouse Thy-I. Furthermore, regions of amino acid sequence were found

to l¡e homologous with both mouse Thy-l and the inmunog].obulin variable

domain around the COOH terminâl cysteine of the conserved disulphide

bond of the variable domains. If this molecule from squi.d does prove

to be structurally related to Thy-} then there is a distinct

possibility that other 'rThy-l like" molecules will be identified from

the celLs of other invertebrates. It is of interest in this regard

that the use of homologous and heterologous radioimmuno-assays has

produced evidence for ^ ßZ microglobulin-like molecule in tissue

extracts from the earthworm, Lumbricus terrestris, and the crayfish,

Cambarus dioqenes (Shalev et al., I9B1). It has been suggested that

immunoglobulins may have emerged as a result of the branching of the

histocompatibiJ.ity antigens into two groups: those that retained an

importance in, cell-cell contact and recognition; and those antigens

that became modified and served as recognition factors for non-seLf

antigens (Xlein, 1975; Chorney & Cheng, 1980). In addition to the

results noted above, other recent data are in accordance with this

suggestion; the amino acid sequence of an BB residue fragment of the

heavy chain of HLA antigens was shown to have significant homology with

the immunoglobulin constant domains (0rr et aI., 1979) and up to 50%

homology has been detected between the DNA sequences of the third

external- domain ofl H-2 antigens and the immunogJ.obulin C gene
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(Steinmentz et al., 1981). Thus, the identification of the structure

and function of any 'tThy-l likeil molecules from the deuterostcrne

invertebrates may shed light not only on the evolution of the

vertebrate histocompatibility antigens but also of immunoglobulin.

It is clear both from the evidence presented in this thesis and

from the work of others that in order to understand the mechanisms of

recognition of foreignness in invertebrates, the probJ.em must be

approached from both a chemical and a functional viewpoint. Very few

attempts have been made to investigate the function of haemolymph

agglutinins or to identify the "recognition factotsr'. This has been

largel-y due to a profound lack of information on the properties of the

molecules. The purification and characterisation of invertebrate

agglutinins and recognition factors would not only provide information

as to the structure and hence possible relationships between these

molecules, but it could also lead to i-nformation relating to their

biological function. Important questions relating to the function of

aggJ.utinins, such as: - Do agglutinins bind to self ce.Ll-s as weLl as

foreign particles? If so, what is the specificity of binding to each

type of cell? Do phagocytic ceJ-ls secrete and/or bind agglutinin(s) or

"recognition .factors"? can be most rigorously addressed after the

agglutinin has been purified. The agglutinin can then be tested for

lunctional activities; ]abelled agglutinin can be used to study its

binding properties and specific antisera, which may be used as probes

for the molecules in situ, can be prepared.

It is al-so crucial to carry out investigations within a

theoretical frame-work which relates to the requirements of the

invertebrate under study rather than those of vertebrates. For an
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invertebrate with a short life span and many offspring, for exampJ.e,

the possession of immunological. memory may not have been of selective

advantage, and it may have been energetically too expensive to produce

a vast array of opsonins with different specificities. Nevertheless,

an animal lacking these attributes does not necessariJ.y lack the

abitity to respond to foreign particles. The invertebrate defence

response may not display the sophistication of that of vertebrates, but

the number of inyertebrates surviving today indicates that it is no

Iess effective.
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