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ABSTRACT
The elucidation of the molecular basis of cell-cell
adhesion is a central problem in modern biology.

Although

numerous and extensive studies have been conducted, the
nature of the cell surface molecules responsible for
initial recognition and the mechanisms by which these
molecules effect cell adhesion in vivo is largely unk nown .
Thus, the primary aim of this thesis was to use a simp le
but physiolo g ically relevant system to analyse the
molecular basis of cell-cell adhesion.

The non-immune

interaction between murine lymphocytes and macro phages ,
which could be conveniently reproduced in vitro was thought
to be a suitable model for this study.
The approach taken was to first develop an automated
colorimetric assay based on the dye rose bengal, to
quantify the l ymphocyte-macrophage interaction in vitro
(Chapter 3) .

This assay was used to confirm the b a sic

parameters of the system, a study which included an
investigation of the kinetics, temperature dependence
and specificity of the interacting cells (Chapter 3).
In subsequent experiments attempts were made to
determine the molecular basis of the interaction (Chapter
4).

Preliminary sugar inhibition experiments re vealed

that the adhesion of lymphocytes to macrophages was
strongly inhibited by some sulphated polysaccharides,
notably kappa-carrageenan.

Based on several lines of

experimental evidence, it was proposed that the lymphocytemacrophage interaction is mediated by lymphocyte surface
receptors that specifically bind to kappa-carrageenan
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like molecules on the macrophage surface.
consisted of:

The evidence

(a) the ability of kappa-carrageenan, in

preincubation experiments, to only inhibit the interacti'o n
at the lymphocyte level,

(b)

the observation that only

the splenic lymphocyte subpopulation that expressed
kappa-carrageenan receptors interacted with macrophages,
(c)

the demonstration that pronase resistant material

from macrophages but not lymphocytes could inhibit the
interaction and (d)

the detection of kappa-carrageenan

specific receptors on the surface of lymphocytes, these
receptors exhibiting similar binding specificities as
the lymphocyte-macrophage interaction.

The kappa-

carrageenan receptors on lymphocytes were also detected
as haemagglutinins or lectins in detergent lysates of
lymphocytes.

Preliminary attempts at chemically

characterizing the kappa-carrageenan specific receptors/
haemagglutinins demonstrated that they have a SS
sedimentation value on sucrose gradients.
In Chapter 5, studies are presented which indicate
that cell surface receptors for sulphated polysaccharides
are not restricted to lymphocytes but occur on a variety
of other cell types (i.e., macrophages, peripheral blood
monocytes and polymorphonuclear leukocytes) and cell
lines (i.e., thymoma, macrophage, fibroblast and
mastocytoma).

However, each cell population examined

expressed a characteristic array of receptors against a
panel of 11 test polysaccharides. Furthermore, inflanunatory
peritoneal macrophages expressed a larger repertoire of
polysaccharide receptors than resident, non-stimulated,
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peritoneal macrophages.

Preliminary experiments aimed

at determining the functional significance of these
receptors on macrophages revealed that some of the
polysaccharides which were avidly bound by macrophages,
namely heparin, fucoidan and kappa-carrageenan, were
rapidly endocytosed.

On the other hand, when the

polysaccharides were coupled to sheep erythrocytes, no
erythrocyte phagocytosis was observed even though the
coupled red cells interacted very efficiently with the
macrophage surface.
The metabolic requirements of the lymphocytemacrophage interaction were determined with the rose
bengal binding assay and are described in Chapter 6.
Heat killed cells and a range of pharmacological agents
were used to show that only metabolically active
macrophages with a functioning cytoskeleton were able to
participate in the adhesion process.

In all cases, drugs

that directly or indirectly disrupted the cytoskeleton
organization reduced cell adhesion.

Investigations into

the metabolic requirements of two additional and completely
different cell adhesion systems, namely fibroblast fibronectin adhesion and sponge cell aggregation, revealed
that the same pharmacological agents that disrupted
microfilament and microtubule organization inhibited cell
adhesion.

Finally, based on the observation that these

pharmacological agents also inhibited anti-Ig induced
capping of surface Ig on murine B lymphocytes, a mechanism
was proposed to explain the role of the cytoskeleton in
cell adhesion.

X

The concluding chapter (Chapter 7) summarizes
evidence from a range of other biological systems which
suggests that sulphated polysaccharide recognition plays
a key role in intercellular adhesion and the tissue
targeting of cells.

Based on these findings, a general

model of cell-cell adhesion is proposed whereby initial
recognition is mediated via sulphated polysaccharide
specific receptors and subsequent stabilization of the
interaction is achieved through the engagement of the
cytoskeleton.
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CHAPTER 1

GENERAL INTRODUCTION

1
1.1

Introduction
The development of sexuality and the evolution of

mullicellularity had
cell-cell recognition.

necessitated a system of specific
A variety of developmental and

physiological processes like fertilization, ernbryogenesis
and the generation of immune responses are dependent
on

specific cell-cell recognition and the maintenance

and/or regulation of these interactions.

As cell-cell

interactions are implicated in so many physiological
processes, both the elucidation of the molecular bases of
cell recognition in vitro and the regulation of cell
interactions in vivo represent major areas of research
in biology.
To introduce this topic, I shall review our current
knowledge of intercellular adhesion.

Presented and

discussed are the historical background, the cell adhesion
assays developed, the experimental data from four
experimental cell adhesion systems and the ba sic theoretical
models of cell interactions.
1.2

Historical background
The aggregation of dissociated c e lls wa s fir st

demonstrated by Herbst in 1900 as a result of experiments
with cells from sea urchin blastulas.

In 1907 , Wi lson

reported similar observations for suspensions of sponge
cells.

Mixtures of cells from three different sponge

species were found to sort

into species specific aggregates

that eventually assumed the morphologies of the
undissociated sponges.

This work led Wilson to conclude

that cell aggregation was species specific.

However

it was not until 1925, when Galtsoff repeated the sponge
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aggregation experiments, that the correct explanation
of cell aggregation was proposed.

Galtsoff found that

the aggregates were composed of an array of differentiated
cells from the adult sponge that had sorted out and
ressociated into patterns characteristic of a functioning
adult.

These experiments led to the idea that cells are

capable of selective association and positioning.
The notion that cells can selectively associate
was later applied to the study of embryogenesis.

During

embryogenesis, cells undergo a complex but regulated
series of differentiation, migration and localization
events that ultimately produce the diverse cell and
tissue types evident in the adult.

Model systems of

embryogenesis and morphogenesis based predominantly
on aggregation assays were developed to examine , firstly ,
the role of selective cell adhesion in cell positioning
and organ or tissue formation and, secondl y , the
molecular basis of selective cell adhesion.
Embryogenesis and sponge cell aggregation were
the classical systems for investigating cell adhesion
and the data accumulated from these studies formed
the basis from which the theories of cell adhesion
were derived (Weiss, 1947; Steinberg, 1962a,c; Sperry,
1963; Moscona, 1963; Curtis, 1961; Weinbaum and Burger,
1973; Balsamo and Lilien, 1975).
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1.3

The measurement of intercellular adhesion
Cell adhesion has been measured by a number of

different in vitro assays.

To provide a valid estimate

of cell adhesion, an assay should take into account
variables such as cell mobility, cell size and the
possible cell damage that may have occurred during tissue
dissociation.

In addition, an assay that allowed the

adhesiveness of different cell types to be compared would
have obvious advantages.

It is also important to note

that if selective adhesion is observed in vivo , analagous
selectivity should be demonstrable in the in vit r o assay.
The validity of the assays presently available for
measuring cell adhesion will be discussed in the following
sections.
1.3.1

Dis s ociat i ve methods

The first attempts to quantify cell adhesion involved
measuring the magnitude of the force required to separate
two adherent cells.

Using this method, Coman (1944)

provided experimental data correlating a malignant phenotype
with a reduced capacity for cell adhesion.
shear forces

Since then ,

(Weiss, 1961), shock forces (Taylor, 1961) and

centrifugal forces

(Mcclay et al .~ 1981) have been used

to estimate the magnitude of the forces required to
physically separate two adherent cells.
An advantage of this approach is that it can be
applied to many systems of cell-cell adhesion. However,
this method has a number of major drawbacks, namely:
{a) the

forces measured may represent those required to

disrupt the cell membranes rather than to dissociate
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the cell adhesion sites (Weiss, 1961; Weiss and
L~chman, 1964; Brookes et al .~ 1967),

(b)

the magnitude

of the force required to separate cells may be affected
by the length of time the force is applied (Steinberg,
1964),

(c)

the viscosity of the microenvironment around

the cells may affect the absolute value of detaching
forces

(Curtis, 1962a),

(d)

finally, the forces required

to separate cells are probably not equivalent to the
forces involved in the early recognition events of
intercellular adhesion since, following the initial
specific contact between cells,binding is stabilized by
secondary interactions (Loewenstein, 1967; Revel et al .~
1973; Decker and Friend, 1974)
1.3.2

Ass ociative methods

1.3.2.1

Sorting out techniques

Moscona (1961a)

used mixed cell populations to

investigate how variations in the composition of a cell
suspension affected the positioning of cells within an
aggregate.

Mixtures of cells, either from different

tissues or from embryos of different ages, were allowed to
aggregate in stationary or rotated cultures (Moscona, 1952,
1961a, 1962; Steinberg, 1962a,b). The position of cells within
the aggregates, that is, the sortin g out pattern , was found to
resemble the organization in tissue of origin. By noting the
patterns

resulting from mixtures of cells from different

embryonic tissues, Steinberg (1962b) proposed that the
position of cells within an aggregate was correlated
with the strength of the intercellular bonds and cells

5

that aggregated at the centre were assumed to be more adhesive
than cells at the periphery.

Thus, a heirarchy of relative

adhesiveness in a variety of cell types could be constructed.
'Sorting out' as a measure of cell adhesion does
have limitations.

Sorting out is not only dependent on

recognition but also on cell movement, with many of the cellcell interactions occurring in the interior of the aggregate.
There is little potential for biochemical analysis as it is
difficult to accurately assess the effective concentrations
of added reagents within the aggregate (Marchase et al ., 1976).
Most importantly,
is

'sortin g out' as a measure of cell adhesion

based on Steinberg's assumption that the position of

cells within an aggregate is correlated to the strength of
intercellular bonds, an assumption that has not been validated
experimentally.
1.3.2.2

Mea s urement of the kinetics of aggregation

A common method of assaying cell adhesion is to measure
the rate at which free cells adhere.

This technique developed

from the assumption that there is a direct relationship
between cell aggregation and cell adhesion .

The tissues

are first dissociated and then allowed to aggregate in
rotated cultures (Moscona, 1961a).

The advantage of using

rotated cultures to form aggregates is that it provides a
reproducible means of bringing all cell types into contact
with each other.

Various criteria have been used to measure

the rate of aggregate formation.

They include the increase

in average diameter or mean number of cells of each aggregate
as a function of incubation time (Moscona, 1961b; Steinberg
e t al ., 1963},

rate of disappearance of single cells assessed

by either microscopy (Curtis and Greaves, 1965) or electronic
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pa rt i c le counters (Ball , 1968) and changes in light scattering
(optical density) of cell suspensions (Born , 1962).

The

most appropriate criterion as a measure of cell aggregation
depends on the experimental situation.

For example,

difficulties could arise if aggregate size , as a measure
of ~ell aggregation, was

used in a case similar to that

described by Ede and Agerbak (1968) where, when using
mutant or normal limb bud cells , the more adhesive cells
formed smaller but tighter aggregates .
Neverthe l ess , this assay is n o t devoid of problems.
Most important is that the dissociative agent used to
prepare the initial single cell suspensions may damage
some cell types more than others .

Thus , differences in

the measured rates of aggregation may reflect either
intrinsic differences in cell adhesive properties or the
degree of cell damage caused b y the dissociation procedures
used .

However , it is possible to minimise this problem

by allowing time for the cells to recover be f ore use in
the assay.

Ex periments requiring formation of mixed cell

aggregates are faced with the difficulty of distinguishing
the different cell types within the aggregate.

The

identification of particular cell types by prelabelling
with fluorescent dyes or radioactive markers would allow
the reaggregation kinetics of different tissue types to
be reliably compared .
1.3 . 2 . 3

Collection assays

The first collection assays were performed by Roth
and Weston (1967) .

Single cell suspensions prepared from

various tissues and prelabelled with

3
H - thymidine were
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allowed to adhere to a preformed collecting surface
of unlabelled cell aggregates (Fig. 1.lA) .

The

number of adherent cells was then determined by
autoradiography.

Roth (1968) used this techni que

to demonstrate that chick and mouse embryonic cells
adhered in a tissue specific rather than a species
specific manner.
The main advantage of using such an assay for
comparing adhesiveness of differentiated cell types is
that cells forming the collecting surface can be prepared
well in advance of an experiment thus allowing time
for cells to recover from damage due to the dissociation
procedure. Three main drawbacks exist with this assay,
first,

that only a small fraction of the cells in

suspension can adhere to the preformed aggregates, thus
the data obtained reflect the adhesive behaviour of a subpopulation of the cells, second, only cells that form
naturally st~ble -aggregates can be used to form the collecting
surface and, third, chemical probes used to study the
biochemical basis of adhesion

can

also disrupt the collecting

aggregates.
A family of assays based on the same collection
principle was developed to overcome these drawbacks
(Fig.1.1.B,C,D,E) .

Collecting surfaces consisting of

confluent cell monolayers formed on substrata of different
geometries (for example, flat surfaces, beads and fibres)
and/or composition (natural tissues and artificial surfaces)
have been used .

These collecting surfaces offer larger

collecting areas and so allow a higher percentage of
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cells in the suspension to adhere (Vosbeck and Roth,
L976).

Cell types that do not form stable aggregates

but do adhere to artificial substrata

or can be

induced to adhere via cross-linking agents such as
poly-L-lysine or fibronectin, may be used to construct
the collecting surfaces.

The variety of possible

collecting surfaces greatly enhances the versatility
of the assay.
However, the use of an artificial substratum may
create difficulties for interpretation as it is possible
that the labelled cells may bind directly to the
substratum rather than to the covering cell monolayer.
A further problem is the need to wash off non-adherent
prelabelled cells from the collecting surface s.

This

washing procedure may break up less avid interactions
and, therefore, it is important for it to be standardized.
Nevertheless, despite some technical difficulties,
the versatility of collection assays has made this
approach the method of choice for measuring many cellcell interactions
1.4

Marchase et aZ ., 1976).

Experimental models of intercellular adhesion
The molecular basis of intercellular adhesion has

been studied in a variety of experimental systems.

Four

of these systems that have contributed significantly to
the theories of intercellular adhesion will be discussed in
thi~ section. They are,

(a) aggregati~n of cells from the

cellular slime i:nould,. Dictyo{!telium discoideum ,
cell aggregation,

(c)

(b)

sponge

fertilization and (d) vertebrate
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embryonic cell aggregation.

1-.4.1

Aggregation of cells fr o m the

ellular slime mould,

Dictyostelium discoideum
The life cycle of the cellular slime mould Dictyostelium

discoideum makes it a suitable organism for studies of cell
adhesion (Fig. 1.2).

The mould begins life as a group of

individual, free-living, asexual amoebae that under
favourable conditions grow and divide repeatedly, giving
rise to large numbers of cells at identical stages of
development.
differentiate

When food becomes scarce, the amoebae
into "aggregation competent" cells which

swarm together, then adhere in a species specific fashion
to produce a multicellular slug.

The slug differentiates

into a fruiting body consisting of stalk and spore cells.
The spores are released and remain dormant until encountering
a suitable environment for germination into the next
generation of amoebae.

Cellular sli me mould s can be easily

grown in vitro , in culture conditions resembling their
natural environment and sin gle cells in non - adhesive and
aggregation competent sta ge s can be isolated without the
need for chemical dissociation p roc edure s.

This renders

them ideal laboratory organisms for investigatin g cell
adhesion.
The processes leading to the a ggreg ation of cellular
slime moulds are predominantly
by specific cell adhesion.

cell movement followed

Specific cell adhesion is

assumed to be mediated by particular cell surface molecules
functioning as single entities or as macromolecular comple xe s.
Gerish (1977) proposed 7 criteria that should be fulfilled

Fig. 1.2. The life cycle of DictyosteZium di s coideum .
When starved, slime mould amoebae aggregate and
differentiate to form a migrating slug. This slug
in turn, matures into a fruiting body.
The released
spores germinate to form amoebae when conditions are
favourable again .
(Adapted from Moment and Habermann,
1973) .
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by a molecule that mediates cell adhesion.
are:

(a)

These criteria

location at the cell surface and/or extension

into the extracellular space,

(b)

species specificity,

(c) developmental regulation in cells differentiating
from the growth-phase to aggregation competence,
in non-adhesive mutants,

(d) absence

(e) ability to interact with the

surface of slime mould cells,

(f) promotion or inhibition

of cell adhesion by the addition of the putative cell
adhesion molecule to aggregation competent cells and (g)
blocking of cell adhesion by univalent fragment-antibody (Fab)
raised against the putative adhesion molecule.

A number

of molecules isolated from the cellular slime mould

D. discoideum were found to partially fulfil these criteria.
1.4.1.1

Lectins

Lectins are polyvalent carbohydrate binding proteins
and may be assayed by their ability to agglutinate
ery throcytes displaying complementary oligosaccharide
structures (Barondes, 1980).

Rosen et al .

(1973) provided

the first circumstantial evidence that lectins may mediate
intercellular adhesion in D. discoideum .

They isolated

a developmentally regulated lectin from lysates of

D. discoideum cells that was specifically inhibited by
monosaccharides with a D-galactose configuration and
agglutinated formalinized sheep erythrocytes (SRBC). Its
synthesis was shown to be correlated with the development
of aggregation competence in cells, and since live
aggregation competent cells formed rosettes with
formalinized SRBC, it was concluded that the lectin was
expressed on the surface of these cells (Rosen et al .~ 1973)
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However, Rosen e t al .

(1973) wereunable to show

involvement of this lectin in cell aggregation in vivo .
Low concentrations of this molecule did not augment
aggregation nor did high concentrations inhibit
aggregation.

Furthermore, the monosaccharides that

were most potent in inhibiting the haemagglutinating
activity of the lectin did not inhibit the aggregation
of slime mould cells.

Despite these apparently

contradictory findings, a number of groups have studied
the lectins from D. discoideum in great detail in an
attempt to demonstrate that these molecules play a key
role in slime mould cell aggregation.
Two lectins, discoidins I and II, having approximate
molecular weights of 100 kd, were purified from

D. discoideum (Simpson et al ., 1974; Frazier et al ., 1975)
Discoidin I is the more abundant developmental lectin
and is composed of 4 non-identical polypeptide subunits,
each with a molecular weight of 20 kd (Tsang et al ., 1981)
Discoidin II

constitutes approximately 5-10 % of

total lectin content at time of cell aggregation,
and is a homotetramer consisting of 24 kd polypeptide
subunits (Ma et al ., 1978; Roewekamp et al ., 1980).
There is circumstantial evidence supporting the idea
that discoidin I plays a role in cell-cell adhesion.
and his colleagues (1980)

Ray

isolated a discoidin I lectin

from mutant, non-cohesive D. discoideum cells.
was unable to agglutinate formalinized

This lectin

SRBC.

However, revertant cells that had regained aggregation
competence produced a lectin with restored haemagglutining

12

activity.

When aggregation competent and mutant non-

C?hesive cells were mi xed , both cells adhered to produce
a slug which then developed into an apparently normal
fruiting body.

This implied that the inability of the

mutant cells to aggregate could be linked to an altered
discoidin I lectin.
It has been demonstrated by immunochemical methods
that discoidin I and II were present on the cell surface
(Chang et al ., 1975; Borondes et al ., 1983).
only 2 % (10

5

However,

molecules/cell) of the total cell lectin was

surface bound (Springer et al ., 1980).

If these lectins

mediate cell-cell adhesion, it should also be possible to
detect discoidin I and II receptors on aggregation
competent D. discoideum cells.

The species specific

agglutination of fixed aggregation competent cells by
discoidin I and II was the first indicator of lectin
receptors (Reitherman et al ., 1975).
Breur and Siu (1981) subsequently identified a 31 kd,
cell surface, developmentally controlled glycoprotein
that had properties expected of a discoidin I receptor.
It could bind and inhibit discoidin I mediated
haemagglutination,

it increased 8-10 fold during the

aggregation phase and it was the major discoidin I binding
protein synthesized.

However, cells from a mutant strain

of D. discoideum , A-3, that prematurely expressed both
discoidin I and aggregation competence during the
vegetative growth phase, did not express this 31 kd
glycoprotein.

Rather, a 95 kd cell surface

glycoprotein,

also developmentally regulated, was proposed as the
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discoidin I receptor for A-3 cells.
In 1982; Ray and Lerner suggested that a third cell
surface glycoprotein was the discoidin I receptor. This
molecule has a molecular weight of 80 kd and was not
developmentally regulated.

Of the three

putative

discoidin I receptors, only the 80 kd glycoprotein was
reported to block the adhesion of aggregation competent
cells in vivo .
None of the above results

has

conclusively

demonstrated that the discoidin lectins mediate cell
adhesion.

In fact the early results of Rosen et al.

(1973) -

arguing against a direct involvement of these lectins in
intercellular adhesion are supported by some recent
contributions, examples of which are:

(a)

the inability

of Fab derived . from antibodies directed a gainst the two
lectins to inhibit cell adhesion, even though lectin
mediated erythrocyte a g glutination was inhibited b y the
same antibody fragments (Gerish et al ., 1980; Barondes,
1980),

(b)

the failure to detect discoidin I and II on

the cell surface of aggregation competent cells by
immunochemical techniques (Erdos and Whitaker, 1983),
(c)

the identification of D. discoideum mutants that are

blocked in expression of all members of the discoidin
multigene family but retained aggregation competence.
(Alexander et al ., 1983) and (e)

the presence of discoidin

lectins in growth phase cells of the mutant strain, Ax-3,
which is non-cohesive (Siu et al ., 1976).
Collectively, the evidence in favour of a role for
the discoidins in D. discoideum intercellular adhesion is
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tenuous.

Further work, currently underway, is attempting

to identify the role of these lectins in D. discoideum
differentiation.
1.4.1.2

Contact sites (cs) A and B

Aggregating D. discoideum cells typically adhere to
each other via side-to-side and/or end-to-e n d contacts.
Early work by Gerish (1961) showed that these two adhesion
events could be distinguished by their ethylenediaminotetraacetic acid (EDTA) sensitivities, i.e. EDTA
disrupted side-to-side adhesion but not end-to-end
adhesion.

Subsequently, it was demonstrated that these

adhesion events could also be distinguished serolo g icall y :
Fab against membrane antigens of aggregation competent
cells completely blocked all t y pes of aggregation,
whereas Fab against membrane antigens of growth phase
cells dissociated lateral connections only and Fab against
specific membrane antigens on aggregation competent cells
completel y blocked end-to-end adhesion (Fi g . 1. 3 ).
The target sites of the Fab specifically block ing end-to-end
and side-to-side adhesion were defined as contact sites A
and contact sites B respectively.

Current work has been

directed towards characterizing the contact site s A (cs-A)
and contact sites B (cs-B) molecules and demonstrating their
role in cell adhesion.
1.4.1.2.l

Contact sites A

The molecules that mediate end-to-end adhesion of

D. discoideum cells and bind Fab specific for aggregation
competent cells are defined as contact sites A (cs-A)
(Beug et al .~ 1973a)

(Fig. 1.3).

Contact sites A is present

control aggregation

Fab against
growth phase cells

I

Fab against
aggregation
competent cells

I

absorbed with
growth phase cells

~

cs-8 blocked

cs-A and B blocked

cs-A blocked

Fig.1.3. Effect of adhesion blocking Fabs on formation of
D. discoideum cell aggregates.
During aggregation, streams
of elongated cells are formed (top). Polyspecific Fab against
membrane antigens of aggregation competent cells completely
and reversibly blocks intercellular adhesion (bottom, middle).
Fab against membrane antigens common to growth-phase and
aggregation competent cells blocks specifically side-by-side
adhesion, allowing the cells to aggregate into chains or
rosettes (bottom, left).
Fab against membrane antigens which
are characteristic of the aggregation stage, specifically
suppresses the preference for end-to-end association (bottom,
right) .
(Adapted from Geri sh et al ., 19 80) .
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a s a developmentally regulated molecule in wild-type
cells but was reported to be absent in a non-cohesive
D. disco i deu m mutant .

Contact sites A is first expressed

at the surface of wild-type cells shortly before the
commencement of aggregation competence but is lost from
the cell plasma membrane at later stages of development
(Beug et a Z.,

1973a;Ochiai et aZ ., 1982; Parish and

Schmidlin , 1979a) .
The presence of cs-A in cell lysate fractions wa s
demonstrated by their ability to neutralize the Fab inhibition
of cell adhesion .

Factors that co-precipitated with cs-A

activity were separated by sodium dodecyl sulphate- ·
polyacrylamide gel electrophoresis (SDS-PAGE), and a
single bound protein of molecular weight 80 kd was
isolated and proposed as the cs-A (Muller et ·az ., 1979).
Subsequent analysis revealed that cs-A was a concanavalin A
(Con-A) binding protein (West and McMahon, 1977)

that was

present at 2x10 5 copies per aggregation competent cell
(Parish et aZ ., 1978).

Although this purified 80 kd

glycoprotein neutralized the inhibitory activity of Fab,
alone this molecule did not exert a detectable effect on
cell adhesion (Muller and Gerish, 1978).

If this 80 kd

glycoprotein is in fact the cs-A, then the mechanisms by
which cs-A mediates cell adhesion requires elucidation.
1 .4.1 .2.2

Contact - sites

B

Contact-sites B (cs-B)

are defined as those molecules

mediating EDTA sensitive , side-to-side adhesion of
aggregating cells (Beug et aZ ., 1973b)

(Fig . 1.3).

Contact sites Bis not a developmentally regulated
glycoprotein and is present both in vegetative and
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aggregation competent cells (Beug et al ., 1973a;
Parish et a l.,

1978).

It has now been identified,

using polyvalent antibodies, as a cell surface protein
of molecular weight

128 kd (Chadwick and Garrod, 1983)

It has been hypothesized that side-to-side adhesion
is mediated by the interaction of cs-B with particular
cell membrane molecules (Jaffe and Garrod, 1979,;
et al . ,

1979) .

Jaffe

Certain low molecular weight molecules

(approximately 500-700 daltons)

that were isolated from

cell membranes (Jaffe and Garrod; 1979 · ) and extracellular
medium (Swan et al ., 1977; Jaffe et al . , 1979) were shown
to inhibit only the EDTA sensitive aggregation of

D. discoideum cells .

These findings led Jaffe and his

colleagues to propose that the inhibitory activity of the
low molecular weight molecules was caused b y their bindin g to
cs-B. However, only their purification and the demonstration
~hat cs-B binds to the purified low molecular wei ght
molecules would provide direct evidence f or this h ypoth e sis .
1.4.1.3

95 kd glycoprotein

The use of stage specific antisera led to the
identification of a 95 kd g lycoprotein on th e surface o f
aggregation competent and 'slug ' cells (Parish et al .,
1978).

It has been postulated that this molecule mediates

cell adhesion during the slug stage of development.

The

best evidence for this postulate was that preincubation
of Fab (directed against slug plasma membranes) with
the 95 kd glycoprotein removed the ability of Fab to
specifically inhibit the EDTA resistant cohesion of
dissociated slug cells

'(Steineman and Parish, 1980).

17
As EDTA resistance is a characteristic of adhesion
mediated via cs-A, it is noteworthy that cells at the
slug stage of development no longer express cs-A on
their cell surface.

These findings led Parish and his

co-workers (1979b; 1980) to suggest that during the
later stages of the D. discoideum life cycle, the 95 kd
glycoprotein takes over the cell adhesion role performed
earlier by cs-A.
A series of experiments performed by Sussman and
his colleagues using the mutant strain of D. discoideum ~
JC-5 (Wilcox and Sussman, 198la,b; Saxe and Sussman,
1982), are of interest with respect to the 95 kd glycoprotein.
JC-5 cells exhibited a temperature sensitive defect in that
slugs kept at 27°C dissociated into single cells, 11-12
hours after the commencement of aggregation, while slugs
maintained at 22°C remained intact.

Preliminary

inv-estigations had indicated that the defect was associated
with a loss in cell adhesion, and possibly, a loss in
plasma membrane associated moieties required for adhesion.
.
125 I-labelled wheat germ agglutinin,
. .
Using
a 95 kd
glycoprotein exhibiting a temperature induced disappearance
and reappearance, corresponding to the loss and recovery of
adhesion, was identified from the plasma membrane of JC-5
cells (Wilcox and Sussman, 1981a).

It was also demonstrated

that aggregated slug stage JC-5 cells and their cell lysates
could absorb out the adhesion blocking activity of Fab
(specific for wild type slug stage cells) but the non-aggregated,
slug stage JC-5 cells and their cell lysates could not (Wilcox
and Sussman, 1981b). The loss in cell adhesion of JC-5 cells
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at 27°C was reported to be restored by the addition of
two glycoproteins of molecular weight 95 kd and 40-50 kd.
Both these glycoproteins and the 95 kd glycoprotein
identified by Parish et al .
agglutinin.

(1978) bound to wheat germ

Based on the above observations, it was

suggested that the two separately identified 95 kd glycoproteins
were in fact the same molecule (Saxe and Sussman, 1982; Parish,
1983).

Experiments designed to determine if the 95 kd

glycoprotein identified by Parish et al .

(1978) would restore

adhesive activity to JC-5 cells would directly address this
point and test the hypothesis that the 95 kd glycoprotein
mediates slug stage cell adhesion.
1.4.1.4

150 k d glycop r otein

Using a radiolabelled Con-A probe, Geltosky and
his colleagues identified a 150 kd glycoprotein that was
expressed on the cell surface 6-18 hours after the
development of a slug (Geltosky et al ., 1976). Antibody
fragments specific for this 150 kd glycoprotein bound to
the cell surface (5.5x10 6 Fab/cell) of 16 hour slug stage
their
cells and inhibited A aggregation.
This Fab also
inhibited the sorting out of prespore and prestalk cells
(Geltosky et al ., 1979).

Using a haemocyanin conjugated

antibody to label intact cell aggregates from the slug
stage and scanning electron microscopy, the 150 kd
glycoprotein was observed to be concentrated in areas of
cell contact (Geltosky et a l ., 1980) .

These observations

led Geltosky and his colleagues to propose that the
150 kd glycoprotein mediated late stage cell adhesion or
recognition.

However, the mechanism by which this is

19
achieved is unknown.
1 .. 4 • 1. 5

Con c 7, us ions

A summary of the properties of the six

cell surface

molecules implicated in the developmentally regulated
aggregation of D. discoideum cells are listed in Table 1.1.
The major developmental lectins, discoidin I and II
isolated from D. disc oi deum were originally proposed to
function as cell adhesion molecules.

However, recent

evidence has argued against a direct involvement of these
molecules in intercellular adhesion (see Section 1.4.1.1),
leading other workers to suggest alternative functions for
these molecules.

For example, Bartles

et a 7,

.

( 19

suggested an intracellular role whilst Marin et a 7,
proposed

82)
( 19 80)

.

that the binding of discoidin and its receptor

functions as a regulatory signal during development.
Nevertheless , these alternative explanations are largely
h ypothetical and the functional role of discoidins in

D. di scoideum remains to be established (Barondes, 1981)
Contact sites A and B have been defined as the cell
surface moieties mediatin~ respectivel~ end-to -end or
side-to-side cohesion of adhesion competent cells .

An 80 kd

glycoprotein, isolated from the plasma membrane of
aggregation competent cells was proposed as the cs-A.
However, this molecule by itself was unable to inhibit or
enhance cell aggregation.

Given this observation, it is

difficult to envisage how this 80 kd molecule alone
mediates cell adhesion.

On the other hand,the _ cs-B molecule

mediating side-to-side adhesion, has been identified
as a 12 8 kd glycoprotein.. Low molecul·ar weight compounds ( . s-. 7kd)

TABLE 1.1 Summary of the properties of the putative cell adhesion molecule~
of Dictyosteliwn discoideum

~

DISCOIDINS

DISCOIDIN I

DISCOIDIN II

p

95 kd
GLYCOPROTEIN

150 kd
GLYCOPROTEIN

CONTACTSITES A

CONTACTSITES B

+

+

+

?

?

?

1. CELL SURFACE
EXPRESSION

+/-

+/-

+/-

+

2. SPECIES
SPECIFIC

+

?

?

+

3. DEVELOPMENTALLY
REGULATED

+/-

+

+

+

-

+

+

+/-

+/-

?

+

?

+

?

b
+

?

+

+

+ d/?.

?

+

?

?

-

?

+d/?.

?

-

-

-

+

+

+

+

C

4. DEFECTIVE IN
DEVELOPMENTAL
MUTANTS
5. INTERACTS
WITH CELL
SURFACE

b

+

6 . INHIBITS/
MEDIATES CELL
AGGREGATIONa
7. F ab BLOCKS
CELL
AGGREGATION
a:
b:
c:
d:

b

purified molecule inhibits/mediates aggregation of D. discoideum cells
test cells were glutaraldehyde fixed
serologically defined
95 kd glycoprotein restores aggregation of non-cohesive mutant
cells. (Wilcox and Sussman, 1982).
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isolated from the plasma membrane and culture media of
agg~egation competent cells have also been implicated
in the side-to-side adhesion.

It is therefore possible

that the 128 kd glycoprotein binds to these low molecular
weight compounds to mediate side-to-side adhesion.

An

experiment demonstrating that these molecules bind to
each other in vitro will lend support to such a proposition.
A 95 kd and a 150 kd glycoprotein have been
implicated in the adhesion and sorting out behaviour of
slug stage cells.

The three main criteria used in the

identification of these molecules were that they were
developmentally regulated, they neutralized the inhibitory
activity of Fab and/or Fab raised specifically against
these molecules inhibited cell adhesion.

At this stage,

these criteria should be critically examined.
As Gerish (1977) pointed out, the increase in either
the quantity or the activity of a particular cell surface
molecule from the growth phase to the aggregation stage
is neither a sufficient nor a necessary criterion for
these molecules to participate in cell adhesion.

He

cited two such examples, first, cyclic-AMP and cyclic-AMP
phosphodiesterase receptors that increase in quantity with
aggregation competence, and are not directly involved in
mediating cell-cell adhesion and second, certain molecules
that are constantly present (eg, cs-B) may · function with
other developmentally regulated components (eg, cs-A) to
mediate cell-cell adhesion. Furthermore, subtle changes in
molecules already present in the cell membrane could render
these molecules capable of mediating cell adhesion, for example,
sulphation/desulphation. Therefore, identification of cell adhesion
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mo lecules based solely on this criterion could result in
missing molecules that are directly involved in the
aggregation event and the identification of other molecules
which are not .
The other common criterion adopted for the identification
of cell adhesion molecules is based on the blocking activity
of specific Fab.

Although Fab against cell adhesion

molecules would inhibit cell aggregation, the converse
is not necessarily true .

Blocking by specific Fab could

equally result from steric hindrance due to Fab binding to
molecules adjacent to the cell adhesion molecules proper.
Thus, all reports on putative cell adhesion molecules
identified solely by inhibitory Fab

from polyclonal or

monoclonal antibodies (Laroy and Weeks , 1982 , 1983;
Springer and Barondes , 1982, 1983) should be viewed with
caution until the other criteria for cell adhesion molecul e s
(see Tablel.D are also fulfilled.
Based on the above discussion, it is apparent that
the functions of all five molecules described have not been
conclusively established, nor has it been demonstrated that
no other molecules are involved in maintaining adhesion.
Much work is therefore necessar y, before a clear understan d ing
of the complex nature of cell aggregation in cellular slime
moulds is reached .
1.4.2

Sponge cell aggregation
The early experiments of Wilson (1907) and Galtsoff

(1925) demonstrated that aggregation of dissociated sponge
cells in vit r o was species and tissue specific (Fig . 1 . 4) .
The development of experimental techniques for dissociating

Fig.1.4. The species specific aggregation of sponge
cells. When dissociated cells from two different
coloured species of sponge are mixed together, they
form species specific aggregates that re-form as
individual sponges. (from Alberts et al ., 1983).

species A

species B

MIXING OF A
AND B CELLS

re-formed sponges
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adult sponges into viable single cell suspensions that
reassociated in v i tr o , and the availability of large
quantities of tissue for biochemical analyses have allowed
sponge cell aggregation to be extensively studied .
Sponges are phylogenetically the most primitive of all
multicellular animals. Tnis, and the convenience of the
aggregation assayhave made sponge cell reaggregation a classic
experimental system for studying cell adhesion, despite
the difficulties of maintaining adult sponges in the
laboratory.
Wilson ' s observation of the species specificity of
aggregation (Wilson, 1907) have been confirmed by other
workers using a variety of sponge species (Moscona, 1963
Humphreys, 1963; Mcclay, 1971).

This property of species

specificity was exploited as early as 1954, when Spiegel
used serological techniques to attempt to analyse the
molecular basis of sponge cell aggregation. He injected

Microciona prolifera and Cliona celate cells into rabbits
and the antisera raised were found to inhibit homologous
but not heterologous cell aggregation. Spiegel then concluded
that particular molecules on the cell surface determined
the specificity of the aggregation process .

More recently,

others have reported similar inhibitory activity with
antisera against six other species of sponges (MacLennan,
1963, 1974; MacLennan and Dodd, 1967).

Nevertheless, most

sponge cell research has concentrated on a more direct
approach, i . e . , cell surface molecules thought to be
involved in sponge cell aggregation have been identified
and purified .

Sponges from two genera, Microciona and
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Geodia ,

have been studied in detail and the results of

this work will be discussed below.
1.4.2.1

A ggregation of cells from the sponge ,

1.4.2.1.1

Microciona aggregation factors

Moscona (1963)

and Humphreys (1963)

Microciona spp .

(MAF)

found that

Microciona prolifera tissue,when incubated in calcium/

~agnesium-free seawater dissociated into sin g le cells.
At temperatures of greater than 10°Cand upon the addition
of calcium, these single cells would reaggregate.

The

cell free supernatant obtained during the dissociation of
the cells, was, in the presence of calcium, able to induce
sponge cell aggregation at 4°C.

This led Moscona (1968)

to propose that a specific, cell bound ligand released into
the incubation medium, was responsible for restoring
aggregation.

The soluble factor was terme d ' Microciona

aggregating factor'

(MAF).

Agg regation factors from two Microciona spe cies were
isolated and their che mical nature e x amin e d (Table 1.2;
Margoliash

et al ., 1965; Henkart et al ., 1973; Cauldwell

et al ., 1973; Humphreys et al ., 1977).

When e q uilibrated

in the presence of calcium, aggregation factors fro m
both species formed large, hi gh molecular wei ght ( >10
daltons)

6

proteoglycan complexes consisting of approximately

50 % protein and 50 % carbohydrate.

The stability of both

the proteoglycan subunits and the sunburst configuration
of the whole complex was found to be dependent on the
presence of calcium.

Both the MAFs

isolated had an

overall negative char ge p rimarily due to the large numbers
of

uronic acid residues, although a contributing factor

TABLEl.2: Properties of Mic r ociona Aggregation Factor
(MAF)

MAF type
Property

M. parthena

M. prolifera
7

Molecular weight

70S (2.1 x 10

Chemical

47 % amino acids

55 % amino acids

Composition

49 % carbohydrates
1. 5 % sulphur

35 % carbohydrates
1.5 % sulph~r

Physical structure

open sunburst structure
of a central protein
core and 5-8 radiating
proteoglycan chains

open sunburst
structure composed
of glycoprotein
core and subunits

Charge of MAF

Negatively charged.
High amounts of acidic
a. a., uroni c acids and
sulphate groups

Negatively charged.
High amounts of
acidic a.a., uronic
acids and sulphate
groups

Calcium binding

1000-15000 sites for
calcium/ factor at 10-5
to 10-3M . ~a+~ >1300
sites / factor at >lo-3 M
ca++

N.D.

Miscellaneous

One sulphate group/
monosaccharide
Requires ca++ for stable
configuration
Functional binding site
requires glucuronic
acid residues

3 moles of sulphate/
mole polysaccharide
Requires ca++ for
stable configuration

daltons)

35S

·1
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would have been the sulphate groups on the polysaccharide
portion of the molecule.

Not only the charge, but also

the function and specificity of the aggregation factors
were shown to depend on the carbohydrate portion of the
molecule.
Sponges other than Microciona have been used to obtain
aggregation factors and from these works it appeared that:
although aggregation factors were generally species
specific, this specificity was not absolute (Humphreys,
1970a,b); aggregation factors were able to inhibit some
but not all heterotypic cell aggregation (Curtis and
van de Vyver, 1971; Mcclay, 1974); and not all sponge
species released an aggregation factor into calcium/
magnesium-free seawater (Humphreys, 1970b).
1.4.2.1.2

MAP - receptor

Microciona cells depleted of aggregation factor (MAF)

when subjected to hypotonic shock, released a molecule into
the supernatant.

This molecule, termed baseplate,

inhibited both the aggregation of mechanically dissociated
cells (i.e. MAF coated cells) and the aggregation of
MAF depleted cells suspended in medium containing homologous
MAF.

Beads coated with base p late

were strongly aggregated

by homologous MAF in the presence of 2 mM calcium
(Weinbaum and Burger, 1973).

These experiments led

Weinbaum and Burger (1973) to propose that the baseplate
was in fact the MAF-receptor.
Subsequent experiments detected a similar molecule in
Triton x-100 solubilized plasma membranes of MAF depleted
cells

(Mir-Lechaire and Burger, 1978) and the cell
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surface location of both MAF and baseplate using fluorescent
antibodies (Kuhns et al ., 1980).

Recent experiments by

Jumblatt and his colleagues (1980) demonstrated that

125

r-

labelled MAF could be prevented from binding to the surface
of homologous MAF depleted cells by soluble baseplate.
These later findings support the earlier proposition that
the molecule termed ' baseplate ' is the MAF-receptor .
Chemical characterisation of partially purified ·MAFreceptor/ baseplate revealed that it had a molecular weight
of about 50 kd and was stable in EDTA to a concentration
of 50mM, and resistant to freezing,
pH's of 3-12.

However, it was rapidly inactivated by

heat (60°C for 10 minutes)
1.4.2.1.3

lyophilization and

(Burger and Jumblatt, 1977)

Models for Microciona cell aggregation

With the identification of the complementary MAF and
MAF-receptor molecules from Microciona tissue, Weinbaum
and Burger (1973) proposed a model for sponge cell adhesion.
Cell adhesion was proposed

to be the result of MAF

molecules bridging MAF-receptors on adjacent cells; the
MAF-molecule bearing at least two identical binding sites.
This MAF-MAF receptor interaction appeared to be mediated
by the carbohydrate portion of MAF, possibly glucuronic
residues, specifically binding to protein defined regions
of the MAP-receptor (Turner and Burger, 1973). This interaction
is highly species specific and was observed to occur in
the absence of calcium .

However, sponge cell aggregation

was shown to be calcium dependent (Jumblatt et al .,
1980) .

Therefore , Burger and his colleagues (1981a ,

1982) proposed a second model of sponge cell adhesion
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where sponge cells coated with MAF molecules (by
binoing to cell surface MAP-receptors) are aggregated
by MAF-MAF interactions, these carbohydratecarbohydrate interactions resulting from the crosslinking of MAF molecules by calcium ions.
the MAF-MAF interaction

However,

was reported to be only

weakly species specific (Burkart and Burger, 1981b,
Misevic and Burger, 1982) and could not satisfactorily
account for the specificity of sponge cell aggregation.
To overcome the problem of species specificity,
Burger and his colleagues (1982) suggested that cell
adhesion was the result of the cross-linking, by calcium
ions, of repeating negatively charged groups (uronic acid
or sulphate groups), interspersed on the MAF-proteogly can
chains (Fig. 1.5).

Species specificity was then dependent

on the locations of interaction sites that possibly varied
in different species.

However, there is no

experimental

data, as yet, that such variations exist, whilst evidence
favouring such a model is largely circumstantial and
based on the observations that other polycations can
replace calcium to mediate the binding of
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I-MAF to MAF

coated beads or glutaraldehyde fixed sponge cells (Misevic

et al ., 1982).
Another criticism of this hypothesis is that most
MAF-MAF interactions occur at concentrations of calcium
above lOrnM (Jumblatt et al ., 1980).

At these high

calcium concentrations new calcium binding sites on
the proteoglycan chain are unmasked thus allowing
additional low affinity cross-linking of the MAF
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Fig.1 . 5. Minimal model of species specific aggre gation
in the marine sponge Microciona prolifera (from Mise v ic
and Burger, 1982) .
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molecules.

However, at lOmM, the normal conce ntration

of calcium in seawater, such interactions would be
too weak or infrequent to play a significant role in
mediating sponge cell aggregation.
Therefore a model for sponge cell a ggr e gation that
is dependent on MAF-MAF interactions seems to be
unable to adequately account for the species specificity
observed and may only be relevant in conditions outside
the normal physiological range.

On the other hand,

since the MAF-MAF receptor interaction was shown to
be highly species specific, the earlier model of
Weinbaum and Burger (1973), where sponge cell adhesion
was said to be mediated by bridging of cell surface
MAP-receptors by MAF appears an adequate e x planation
(providing the MAF molecule has at least two identical
binding sites).

Although aggregation is certainly

calcium dependent, there are at least two indirect
ways in which calcium could effect cell adhesion.
First, it is known that physiological calcium
concentrations are required to maintain the steric
configuration of MAF.

Chemical analyses of the MAF

molecule revealed that calcium is required to
stabilize the polysaccharide chains (Margoliash et al .,
1965; Henkart et al ., 1973; Jumblatt et al ., 1980)
as well as to cross-link these chains to the central
protein core (Cauldwell et al ., 1973).
Second, calcium is required for the metabolic
activity of sponge cells and

it

functions, possibly,

as an intracellular messenger (Dunham et al ., 1983).
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Although glutaraldehyde fixed cells are capable of
aggregating in the presence of calcium and MAF,
experiments with live , viable sponge cells suggest
that intracellular calcium is essential for MAFindependent aggregation.

Dunham and his colleagues

showed that ionophores which promote calcium influx,
enhance sponge cell aggregation,whilst agents that
block entry of calcium or modulate its action within
cells, inhibit aggregation.

These results suggested

that an influx of calcium is required for sponge cell
aggregation (Dunham et al ., 1983) .

The precise role

of intracellular calcium in the aggregation process,
however, requires further investigation.
1 . 4.2.2

Aggregation of cells from the sponge , Goedia spp .

Ex periments on another sponge species, Goedia cydonium
led Muller and his colleagues to propose quite a differe nt
model for sponge cell aggregation .

In this model, Goedia

cell aggregation was proposed to involve a brid g in g
molecule, termed the ' aggregation factor'
surface bound ,

'aggregation receptor'

(AF)

and a

(AR). This system of

adhesion resembles the MAF-MAF receptor model of Weinbaum
and Burger (1973), but two main differences e x ist between
the two aggregation models. First, although the AF-AR
interaction is a carbohydrate-protein recognition event, the
carbohydrate structure is carried by the cell surface
bound AR, whilst the lectin is a component of the extracellular
AF macromolecular complex .

The second difference is that

Muller ' s model of Goedia cell aggregation attempted to
Provide an explanation for the reversible nature of sponge
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cell aggregation.

This point is especially relevant

since sponge cells are constantly adhering and dissociatin g
in vivo .

1.4.2.2.1
(AR)

The aggregation factor (AF)

- aggregation receptor

interaction

The putative AF was released from G. cydonium tissue
dissociated in calcium/magnesium-free .seawater and 20mM
EDTA.

As with MAF, the resultant supernatant was able to

r e aggregate G. cydonium cells at 4°C and subsequent
analyses identified the active component in the supernatant
as a macromolecule with a radiating,

sunburst

structure .

Further studies revealed that this macromolecule contained
three functional subunits, the aggregation factor (AF) and
two glycosyltransferases.

Biochemical analy sis of the AF

revealed that it was a 23 kd g lycoprotein containing 91 %
p rote in and 6 % carboh y drate.

Furthermore, the biological

activity was destro y ed by a rang e of proteases (Muller and
Zahn, 1973; Muller et al ., 197 4 ; Zahn et al ., 1976; Muller
et al. ,

1978).

The Goedia AR was extracted from c e ll me mbranes with
trichloroacetic acid, with biolog ical activity being
assayed by the ability of the extract to inhibit AF mediated
aggregation of Goedia cells.

Initial chemical analyses

revealed that this AR molecule had a molecular weight of
15-18 kd, and consisted of 81 % carbohydrate and 7.5 %
protein (Muller et al ., 1976).

In a subsequent study,

the major carbohydrate components of AR was identified as
D-galactose (34 %), D-glucose (34 %), hexuronic (17 %) acids
(of which glucuronic acid is the major component) and

30

hexosamine (3 %)

(Vaith et al. , 1979).

Based on sugar

and lectin inhibition studies,and the enzymic treatment
of cells, Muller et al.

(1979a) concluded that the active

binding site of the negatively charged AR resided in the
carbohydrate portion of the molecule, biological activity
probably being dependent upon the terminal glucuronic acid
residues.
1.4.2.2

Regulation o f the AF- AR interaction

In recent papers, Muller and his colleagues have
proposed that the AF-AR interaction is regulated by either
a reversible inactivation of the AR or a disruption of
preformed AR-AF complexes.
The proposed mechanism for regulation of cell adhesion
and separation by inactivation of AR is depicted in
Figure 1.6.

It was shown that sponge cells lost their

ability to aggregate if treated with 8-glucuronidase
(Muller et al ., 1979a) but in the presence of
glucuronosyltransferase and UDP-glucuronic acid, these
cells regained their original aggregation potency (Muller
et al ., 1979a).

A 8-glucuronidase activity was found to

be associated with G. cydonium cel1 membranes (Muller et al. ,
1979b) and a glucuronosyltransferase was identified in
the AF macromolecular complex (Muller and Muller,
1980; Muller, 1982) .

The regulation of cell adhesion

and dissociation was therefore proposed to occur in the
following sequence

(Fig. 1.6);

AR by enzymic glucuronylation,

(a)
(b)

the activation of

the adhesion of cells,

mediated by the AF and the glucuronylated AR,

(c) inactivation

of the AR caused by the removal of glucuronic acid residues

Fig. 1.6. First mechanism proposed for regulating
cell aggregation and separation in Goedia cydo n iu m
v i a the activation or inactivation of the aggregation
r e ceptor. The macromolecular complex (MC) contains
the aggregation factor and a glucoronosyltransferase
(adapted from Muller and Muller, 1980).
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by S-glucuronidase and (d)

cell separation as a consequence

of inactivation of the aggregation receptor (Muller and Muller,
1980; Muller, 1982). How the a g gregation/dissociation
events are controlled and how the S-glucuronidase has
access to a substrate that is masked by AF (Fi g . 1 .6)
requires elucidation.

Furthermore, since the conditions

optimal for S-glucuronidase activity do not correspond to
the pH or ionic conditions of seawater (Muller et al .~
1979b; Muller, 1982), it is questionable whether this model
functions in v ivo .
An additional mechanism for the regulation of sponge
cell separation, based on the disruption of preformed
AR-AF complexes by an anti-aggregation receptor ( a AR),
has been proposed (Fig. 1.7).

Although

only 75 %

of the Goedia cells were aggregation competent, when
the aggregation deficient cells were incubated in the
pre.senceof S-galactosidase, they acquired aggregation
competence.
(1979b)

Based on these observations Muller et al .

proposed that some molecule on the cell surface,

susceptible to S-galactosidase, was preventing the
aggregation process.

This molecule, , termed the anti-

aggregation receptor, _was subsequently purified from
Goedia cell membrane fractions.

Addition of a AR to

preformed AF-mediated aggregates resulted in a disruption
of the aggregates (Muller, 1982}. Finally, a Sgalactosidase on sponge cell membranes and a
galactosyltransferase associated with the AF macromolecular
complex was identified and isolated (Muller et al .~ 1979a).

Fig.1.7. Second mechanism proposed for regulating
cell separation via the disruption of preformed
AR-AF complexes by an anti-aggregation receptor
( aAR) (from Muller and Mi.iller, 1980).
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Based on these observations, the regulation of cell
separation by aAR was proposed to occur in the following
sequence ( Fig: ~.7):

(a) activation of the

aAR ~ by its

galactosylation ,

enzymic

(b) cell separation

caused by the disruption of the AR-AF complex by the active
aAR,

(c)

inactivation of the a AR by its degalactosylation by

membrane associated 8-galactosidase and (d) reforming of
cell-cell contact.

In this model/ it is assumed that a

galactosemoiety is involved in the 'bindin g ' of the a AR
to the AR-AF complex (~tiller and Miiller,
1980; Miiller, 1982) and, furthermore, steps (b) and (c) of
this model have not been supported experimentally.
The model of sponge cell aggregation proposed by
Muller (Muller and Muller, 1980; Muller, 1982) is highly
speculative and based on indirect evidence.

For example,

it is assumed that the degradative enzymes that destroyed
the "biological activity of AF and AR acted directly on the
'bindin g sites' of the molecules.

However enzymes

B-glucuronidase, 8-galactosidase and proteases

like

may have

indirectly inactivated the AR or AF by, for example, having
changed the configuration of the moleculesor having nonspecifically modified the cell membrane.
Furthermore, the evidence that sponge cells express
B-glucuronidase and 8-galactosidase on their surface is
based on the observation that isolated sponge cell plasma
membranes contain these hydrolases.

However, it is

extremely difficult to obtain pure plasma membranes from
cells, intracellular membranes and cytoplasmic proteins
frequently contaminate such preparations.

Even if the

33
plasma membranes were pure, the hydrolases may not be
expressed on the extracellular surfaces of the membranes.
Finally, the methods used for extracting AF from
cells,namely EDTA (Muller and Zahn, 1973) or EDTA and
aminosalicylate treatment (Zahn et al ., 1976), could have
disrupted cells and so contaminated the supernatants with
plasma membranes and intracellular proteins.

In fact,

the comparatively high lipid content (5 %) of the isolated
macromolecular complexes suggests membrane contamination
(Zahn et a L, 1976).

Therefore, it is probable that the

galactosyltransferase and glucuronosyltransferase enzymes
isolated with the AF macromolecular complex were derived
from contaminating cytoplasmic or plasma membrane components.
To conclude, neither of the current models of Burger
(Mesivic and Burger, 1982) or Muller (Muller and Muller, 1980;
Muller, 1982) completely explain sponge cell aggregation.
On one hand, Burger's model is unable to satisfactorily
account for the observed., in vitro , species speci fie
aggregation, while on the other, the experimental evidence
supporting the regulated association/ dissociation model of
Muller is very weak and it is difficult to see how this
model could function in vivo .

Thus, further work is

required before an understanding of the molecular basis
of sponge cell aggregation is attained.
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1 . 4. 3

Fertilization
Fertilization is the adhesion and fusion of two

sexually differen t iated cells (gametes)
cell , the zygote .

to form a single

It is probable that cell adhesion during

fertilization appeared very early in evolution since the
only form of cell-cell interaction in the present day
primitive prokaryotes and unicellular eukaryotes is that
which occurs during mating .

If , a s has been suggested ,

the specific binding of two gametes or mating types was
the first form of intercellular adhesion (Monroy , 1978 ;
Monroy and Rosati , 1979), then the impetus for the
development of a recognition system was probably the
evolution of separate mating types.

The next major

evolutionary step , the appearance of multicellularity,
would have required a more general cell-cell recognition
system and the segregation of somatic and germ line cells .
It is possible that the diversification of the mating
type recognition system gave rise to a general system of
cell recognition (Monroy, 1978).

Thus , the molecular

events of gamete adhesion in early unicellular organisms
could have been the basis for not only fertilization
events in modern multicellular organisms but also other
types of cell-cell communications.

For these reasons,

it is pertinent to include some discussion of the events
of fertilization when presenting an overview of cell
adhesion mechanisms .
Fertilization in three different systems will be
examined here , they are:
organisms ,

(a) mating in unicellular

(b ) fertilization in sea urchins and
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(c)

fertilization in mammals.

1.4.3.1

Mating in unicellular organisms

The cell membrane components that confer specificity
and mediate the mating reactions in a wide range of
unicellular organisms have been the object of extensive
study. An envelope protein that is coded for by the 'tra'
operon is believed to regulate conjugation in the bacterium,
Escherichia coli

(Kennedy et al ., 1977).

Cells bearing

the product of this 'tra' operon, the F antigen (mating type
+) will only fuse with cells not bearing this
(mating type

-)

(Ou , 1975).

'tra' product

The exact molecular basis

of this interaction is not known, although some kind of
lock and key interaction between the F antigen on the (+)
cells and some other surface component of the (-) cells
is envisaged (Monroy -and Rosati, 1979).
The mating events of the unicellular eukaryotes,
yeast and Chlamydomonas has been examined.

Crandall and

his co-workers (1968, 1974, 1978) demonstrated that the
mating of two compatible yeast strains, 5 and 21 of the
species, Hansenula wingei , resulted from the complementary
recognition and binding of two unique mannan p roteins
on the cell surface.

The properties of these 'mating-

inducing' molecules, factor 5 and factor 21 , summarized
in Table 1.3., suggested that binding was a protein carbohydrate interaction.

In Chlamydomonas ,

fusion is

highly s pecific and within a specie~ flagella of mating
type plus gametes, mt(+), will only adhere to the flagella
of mating types minus gametes, mt(-),
Weiss and Weiss, 1978).

(Weiss et al ., 1977;

A glycoprotein, with a sedimentation

TABLE 1. 3: Properties of yeast, Hansenula wingei ~
agglutinius; factor 5 and factor 21
(from Crandall and Brock, 1968)

Property

Factor 5

Factor 21

Valency

Multivalent

Univalent

Molecular
heterogeneity

Heterogeneous

Homogeneous

Molecular size

3.5, 6.5, 9.0,
31S20w, and larger
fractions

2.9S20,w

Heat sensitivity

Resistant

Sensitive

Alkali sensitivity

Resistant

Sensitive

Composition

Mannan protein

Mannan protein

Specificity

found only in
strain 5 cells
and adsorbs only
to strain 21
cells

found only in
strain 21 cells
and adsorbs only
to strain 5
cells

36

coefficient of 12S , has been isolated from C. r einhardi
flagella and identified as one of the molecules responsible
for mediating the binding of mt(+)

and mt(-)

(Adair

e t al, . ., 1982).
Since discrete molecules seem to be involved in
the adhesion step of fertilization for the three unicellular
organisms examined, it is tempting to suggest that gametic
recognition within this group is mediated by complementary
pairs of molecules at the cell surface.
1.4.3.2

Fe r ti l i z at i on in sea urchins

Studies using sea urchin gametes have contributed
greatly to the understanding of the mechanism of fertilization.
The early observations of Lillie (1913) and Tyler (1949)
that sea urchin sperm could be agglutinated by solubilized
egg jelly, led to the proposal that sperm- egg interactions
were mediated by specific interacting molecules .

Since then,

extensive studies have been conducted to identify these
molecules.
For clarity, a description of the structure of
sea urchin gametes and the fertilization events will be
presented before the discussion of the molecular basis of
sperm-egg interactions.
1 . 4.3.2 . l

The structure o f gametes and a description of

the f e r tilization event s
A freshly released sea-urchin egg is surrounded by
three external layers, the plasma membrane (also termed
vitelline membrane) , the overlying vitelline layer and an
external jelly coat ( Lopo and Vacquier , 1981;
Fig . 1 . 8).

The sea urchin sperm is comprised of three

egg plasma
membrane

jelly coat--

acrosomal vesicle
pool of
unpolymerized
actin

vi tel line
layer

acrosomal
process
containing -~-fl!1t
polymerized
actin filaments
··. : ·.

sperm plasma
membrane
sperm nucleus

Fig . 1.8. Schematic drawing of the fertilization events
of sea urchin gametes . When sperm contact the jelly coat,
exocytosis of the acrosomal vesicle occurs (1), followed
by an explosive polymerisation of actin within the
periacrosomal to form a iong acrosomal process that
penetrates the jelly coat ( 2) . Proteins relea·s ed from
the acrosomal vesicle (black dots) adhere to the surface
of the acrosomal process and serve firstly to bind
the sperm to the vitelline layer and then to digest
this layer (3). When the old acrosomal vesicle (whose
membrane forms the tip of the acrosomal process) contacts
the egg plasma membrane (3), the two membranes fuse, the
actin filaments disassemble, and the sperm enters the
egg (4).
(from Alberts et al. , 1983).
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parts, a head, a mid piece and a tail, all of which are
surrounded by a plasma membrane.

The head is predominantly

nucleus with two smaller structures, the periacrosomal
region and the acrosome vesicle lying anteriorly.
Unpolymerised actin is stored in the periacrosomal region,
while the acrosome vesicle contains lytic enzymes and
binding proteins, bounded by an inner acrosomal membrane
(Epel and Vacquier, 1~78; Fig. 1.8).
Fertilization encompasses the period from the initial
contact of the sperm with the egg to the time of fusion
of male and female gametes.

This period is divided into

several stages, each a prerequisite for the next (Fig. 1.8)
When the sperm plasma membrane contacts the extracellular
jelly of the egg, the sperm undergoes an acrosome reaction.
The acrosome vesicle is exocytosed and a complex series of
ionic events is triggered (Schackmann et al ., 1978)

This

resul~s in the polymerization of actin from the
periacrosomal region (Fig.1.8) to form a long acrosomal
process that penetrates the jelly coat.

Binding proteins,

released from the acrosomal vesicle, adhere to the surface
of the acrosome process and serve as receptors for the
vitelline layer.

Other lytic enzymes released may aid

the passage of the sperm by degrading the vitelline layer.
Finally, when the inner acrosomal membrane contacts the
egg plasma membrane, fusion of the two cells occurs.
Successful fertilization requires a compatible
interaction (or recognition) of sperm and egg molecules
at three different stages.

A compatible interaction is

required to trigger the acrosome reaction, to bind sperm

38

to the vitelline layer and in the fusion of the two
gametes.

As there is little information on the molecular

events mediating the fusion of sperm and egg membranes,
the details of only the first two interactions will be
discussed.
1.4.3.2.2

Tri gge r ing o f the acrosome reaction

Most workers assume that some component of the egg
jelly induces an acrosome reaction in vivo .

These

assumptions were based on the early studies of Lillie (1913)
and Dan (1952) which demonstrated that soluble egg jelly
could induce, in the presence of calcium, both sperm
agglutination and the acrosome reaction.

Although sperm

agglutination by egg jelly was found to be species specific
(Tyler, 1949) this was not also true for the acrosome
reaction.

In fact, sperm aggregation could occur

independently of acrosome reaction (Dan, 1954).

Studies

-

with three species of sea urchin ( LyteZZinus variegatus ~
Echinometia Zucunter and Tirprieustes ventricosus ) suggested

that the induction of the acrosome reaction was not species
specific (Summeisand Rylander, 1975, 1976).

However, work

with four other species led to the conclusion that species
specificity was dependent on the species used (SeGall and
Lennarz, 1979), with some gamete combinations exhibiting
complete species specificity while others were very cross
reactive.

Nevertheless, it is generally accepted that

the acrosome reaction is induced

?Y

the jelly coat and that

induction requires the compatible interaction of molecules
in the jelly coat with those on the sperm plasma membrane.
Egg jelly coats from a number of sea urchin species
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were found to be composed of two high molecular weight
molecules, a sialoprotein (20-25 % of egg jelly) and a
fucose sulphate polymer (70-80 % egg jelly)

(Vasseur,

1948; Ishihara, 1968; Ishihara et al .~ 1973; SeGall and
Lennarz, 1979).

SeGall and Lennarz (1979) attempted

to determine if one or both of these molecules are
required for the acrosome reaction.

They found that

treatment of the jelly coat with neurarninidase did not
affect the ability of the preparation to induce an
acrosome reaction but periodate treatment, which destroyed
35 % of the fucose moieties, rendered the preparation
incapable of inducing the acrosome reaction (SeGall and
Lennarz, 1979).

Furthermore, the fucose sulphate molecule

could induce a species specific reaction in the absence
of the sialoprotein and the addition of sialoprotein from
different species to the fucose sulphate polysaccharide
did ncrt alter the species specificity of the recognition
(SeGall and Lennarz, 1979).
and Lennarz (1979)

These observations led SeGall

to conclude that the fucose sulphate

polysaccharide alone could induce a species specific
acrosome reaction.
Chemical analyses revealed that the purified fucose
sulphate polysaccharide was a highly branched polymer
with a molecular weight of 10 5 daltons.

Similar chemical

compositions were obtained with purified polysaccharides
from different sea urchin species although these purified
polysaccharides were able to induce the acrosome reaction
in a species specific manner similar to that of the intact
jelly.

SeGall and Lennarz (1979, 1981) thus suggested that
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the specificity exhibited by the fucose sulphate polymer
could lie in the lineage of the fucosyl units and/or
the positions of the sulphate groups.
Attempts have also been made to identify the molecul e s
expressed on the sperm plasma membrane that are invol ve d
in the initiation of the acrosome reaction.

Pr e liminary

experiments by Aketa (1975) demonstrated both that
fluoresceinatedCon-A bound to the surface of Anthocidaris
crassispina sperm in a patchy distribution and that

univalent Con-A blocked fertilization.

Interestingly,

Con-A did not bind nor render infertile sperm of another
species,

Hemicentrotus pulcherrimus .

These observations

led Aketa to suggest that carbohydrate bearing molecules
were involved in the initial contact between the intact spe rm
and egg.
Lopo and Vacqui e r

(19 80)

used

a different approach ;

using radioiodination techni q ues, they labelled the surface
proteins of Strongylocentrotus purpuratus

sperm and isolated

four molecules of molecular we i ghts, 250, 84, 64 and 52 kd.
Antisera were raised against the major, 84 kd (28 % of
label) and 64 kd (46 % of label) proteins.

The Fab specific

for the 84 kd molecul e were i n hibitory while preimmune
serum and anti- 64 kd Fab did not affect induction of the
acrosome reaction by soluble egg jelly.

These findings

are in accordance with the notion that the 84 kd molecule
is required for the induction of the acrosome reaction.
How this molecule relates to the earlier observation of
Aketa (1975)

is not known.

At this stage, two molecules have been identified,
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both of which appear to function in the triggering of
the acrosome reaction.

They are an 84 kd protein

isolated from sperm and an egg derived, fucose sulphate
polymer.

Experiments testing the affinity of the 84 kd

molecule for egg jelly components and the affinity of
the fucose sulphate polymer for sperm plasma membranes
should assist in determining whether these molecules do
function as recognition molecules for sea urchin gametes.
1.4.3.2.3

Attachment of acrosome reacted sperm to egg

viteZZine membrane
The acrosome reacted sea urchin sperms bind to the
egg via the attachment of the elongated acrosomal filament
to the outer surface of the egg vitelline membrane (Fig.
1.9). This binding is highly species specific (Summers and
Hylander, 1975, 1976; Kinsey et aZ ., 1980) and is believed
to be mediated by specific cell surface macromolecules on
the interacting gametes (Vacquier and Moy , 1977).
At the point of contact between sperm and egg, the
acrosomal filament is entirely covered by the contents
of the acrosome granule (Moy and Vacquier, 1979). Biochemical
analyses of the contents of the granule revealed that the
major component is a single polypeptide of molecular
weight 30,500 daltons.
'bindin'

This polypeptide was termed

(Glabe and Vacquier, 1977a).

Lectin activity

of bindin was detected by the ability of bindin to
agglutinate glutaraldehyde fixed, trypsin treated rabbit
erythrocytes (Glabe et aZ ., 1982).

Antibody raised

against electrophoretically purified bindin showed
that,in intact sperms,it was localized in the acrosome
Process but after the acrosome reaction1 it was exposed

egg cytoplasm
. ._:.. - ·~ .. _-

bindin
receptor
glycoprotein
bindin

::.

other molecules
released from
acrosomal vesicle

plasma membrane of
sperm acrosomal process

Fig. 1.9. A highly schematic diagram of bindin molecules
covering the surface of the acrosomal process of a sea
urchin sperm.
These proteins are thought to bind to a
specific oligosacchaiide sequence on a receptor
glycoprotein associated with the vitelline layer of the
egg. (from Alberts et al ., 1983).
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at the sperm surface, at sites of sperm-egg attachment
(Moy and Vacquier, 1979).
It was reported that bindin mediates species specific
agglutination of dejellied eggs (Glabe and Vacquier,
1977a).

Surface components released by pronase digestion

of intact, dejellied eggs inhibited both the bindin mediated
egg agglutination and bindin mediated haemagglutination
(Glabe and Lennarz, 1979; Glabe et al .~ 1982).

These

findings led Glabe and his colleagues (1977a, 1979) to
suggest that bindin was the mediator of species specific
sperm-egg adhesion occurring after the acrosome reaction.
The existence of specific sperm receptors on the
external surface of the vitelline membrane have been
inferred from several lines of evidence.

Table 1.4

gives the summary of the evidence as reviewed by Epel
and Vacquier (1978) and Lopo and Vacquier (1981).
The first attempts to isolate sperm receptors from
purified vitelline membranes of Strongylocentrotus purpuratus
egg were conducted by Glabe and Vacquier (1977b). SDS-PAGE
analysis of the vitelline membrane revealed numerous
proteins of molecular weights ranging from 213-35 kd whilst
125
I-labelling detected only 2 high molecular weight
molecules (both >200 kd).

Biochemical analysis of the

vitelline membrane revealed that is comprised of 90 % protein,
3.5% carbohydrate and 0.43 % sulphate.
Glabe and Vacquier (1978) subsequently isolated
a molecule that exhibited species specific binding to
bindin.

This molecule was released from dejellied

. TABLE 1. 4: Evidence for sperm receptors on the
egg vitelline layer (adapted from
Epel and Vacquier, 1978; Lopo and
Vacquier, 1981).

1.

Sperm binding exhibits species specificity and
saturation kinetics.

2.

Bindin agglutinates eggs in a species specific
manner.

3.

Sperm attaches only to the outer surface of
isolated vitelline layers and in a species
specific manner.

4.

Unfertilized eggs treated with cortical granule
protease do not bind sperm, are incapable of
being fertilized unless the pronase altered
vitelline layer is removed and are not
ag?lutinated by bindin.

5.

Unfertilized eggs treated with trypsin show a
reduced fertility.
This effect may result
from the removal of sperm receptor glycoproteins.

6.

Large glycoproteins and homogenates from egg
vitelline layers show species specific
inhibition of fertilization.

7.

Fertilization can be prevented by low
concentrations of monomeric concanavalin A.
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purpuratus eggs after the eggs were activated, in

the absence of sperm, by calcium ionophore, A23187. It
had a molecular weight of >5 x 10

6

daltons (probably an

aggregate) and isoelectric point (pI)of 4.02 and it
contained 34% neutral sugars (mannose and galactose)
and 4% sulphate with no sialic acid (Glabe and Vacquier,
19 78) .
More recently, Lennarz and his co-workers have
investigated the nature of the bindin receptor using
detergent solubilized

surface material from unfertilized

eggs (Glabe and Lennarz, 1979, 1981).

Two different

glycoproteins were isolated and partially purified from
the extracts of S . pu r pu r atus and Ar abacia punctuZata
eggs.

Both molecules were capable of reacting and

inhibiting fertilization by homologous sperm but had no
effect on sperm from the other species.

Antibody fragments

against these molecules bound to the egg surface and
similarly inhibited fertilization in a s p ecies specific
manner (Rossignol and Lennarz, 1983).
Further purification of the egg derived glycoproteins
was achieved by allowing 125 r-labelled. eg g gl y cop rote ins to
bind to homologous bindin, then concentratin g the resultin g
complexes by centrifugation in 20 % sucrose.

The r e covered

molecules were reported to bind specifically to homologous
sperm and to inhibit fertilization, but they did not bind
to bindin in a species specific manner (Rossignol et al .,
1984)
Extensive proteolytic digestion of the purified
bindin receptors yielded carbohydrate fragments that
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bound to the sperm surface and purified bindin, and
inhibited fertilization. However, neither

the binding

nor the inhibition was species specific (Rossignol et al .,
1984).

These observations led Lennarz and his colleagues

to propose that although the carbohydrate portion of
the receptor is involved in the recognition process,
the conformation attained by the intact glycoconjugate
was required for the species specific binding (Glabe,
1979; Rossignol and Lennarz, 1983; Rossignol et al .,
1984).
Biochemical analysis of the pronase treated material
revealed that the sperm receptor _molecule . from S.
6

purpuratus was a high molecular weight ( >10 daltons), negatively

charged, glycosaminoglycan like polymer containing fucose,
gala ctosamine, iduronic acid and sulphate esters (Rossignol
et al ., 1981a). In contrast, the carbohydrate rich fragment

derived from A . punculata was a low molecular weight (6 kd)
molecule bearing no net charge (Glabe et al ., 1981; Glabe
and Lennarz, 1981; Rossignol et al ., 1981b , 1984; Rossignol
and Lennarz, 1983).
In summary, a sea urchin glycoprotein , bindin has
been isolated from sperm plasma membrane and carbohydrate,
bindin-receptors have been identified from the external
surface of dejellied eggs in two sea urchin species.
Experimental evidence suggest that these are the molecules
mediating the species specific attachment of acrosome
reacted sperm to the external surface of the egg vitelline
membrane.
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1 . 4 . 3. 2 . 4

Summar y

Two sets of molecules are implicated in mediating
the interactions between sea urchin gametes .

An egg

derived, fucose sulphate polymer and a sperm derived,
84 kd protein molecule have been independently identified,
as required for the triggering of the acrosome reaction.
While circumstantial evidence suggests that the sulphate
polymer is involved in the recognition event, the precise
mechanism by which the 84 kd molecule induces the acrosome
reaction requires identification.
On the other hand, there is good experimental
evidence that the sperm bindin molecule and its receptors
on the egg surface are the molecules mediating the species
specific attachment of acrosome reacted sperm to the
external surface of the egg vitelline membrane .

Howeve r,

the nature of the bindin molecule and the bindin receptors
and how these molecules mediate species specific
interaction is not known.
1.4.3.3

Fertilization in mammals

The molecular bases of gamete reco gnition and adhesion
during mammalian fertilization is not we ll understood .
Appare nt differences between species e x ist not only in the
sequence of events during fertilization but also in the
mechanisms regulating these events .

Since mice and guinea

pigs are commonly used for fertilization studies, the
discussion will concentrate on these two species .
1 . 4 . 3.3 . 1

The structure of gametes and a de s cription of

the f e r ti l ization events

A freshly ovulated mammalian egg is bounded by a
Plasma membrane and two other surrounding layers , the zona
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pellucida and the cumulus oophorus.

The zone pellucida

is a 3-lSµm glycoprotein layer separated from the plasma
membrane by a perivitelline space.

The cumulus oophorus

is a layer of granulosa follicle cells embedded in a
hyaluronic acid matrix.

A spermatozoa must first interact

with and then pass through these outer two layers in
order to contact and fuse with the egg plasma membrane.
In gross morphology, a fully differentiated mammalian
sperm resembles that of the sea urchin.

It is comprised

of three main parts, head, midpiece and tail, all sheathed
by a plasma membrane.

However, the mammalian sperm must

undergo a series of metabolic changes and membrane
reorganizations, first in the male and then in the female
genitial tract, before it is capable of undergoing the
acrosome reaction (Shapiro and_Eddy, 1980;
Yanagimachi, 1981)

The maturation process or capacitation,

in the female genetial tract is a multifaceted process
involving changes in sperm surface glycoconjugates, antigens,
lipids, intramembrane particles, fluidit y , ion permeability
and sperm intermediary metabolism (Shapiro and Eddy,
1980; Yanagimachi, 1981).
Fertilization in the mouse is schematically presented
in Figure 1.10.

The acrosome reaction of mammalian sperm,

involves the fusion of the outer acrosomal membrane and
the outer plasma membrane which eventually allows the
release of the acrosomal contents.

Following this release,

the sperm sloughs off the fused acrosome-plasma membrane
complex from the head, binds, then penetrates the zona
Pellucida and eventually reaches and fuses with the egg

Fig .. 1.10 Schematic illustration of the events
occurring when a mouse sperm fertilizes an egg.
(from Alberts et al ., 1983).
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plasma membrane.

Three main cell recognition events cc.cur

dur_ing fertilization.

They r e sult in the triggering of

the acrosome reaction, the binding of the sperm to the
zona pellucida and the fusion of the gamete plasma
membranes.
1.4.3.3.2

Triggering of the acrosome reaction

The in vivo trigger of the mammalian sperm acrosome
reaction is the subject of some controversy (Dale and
Monroy, 1981).

On one hand it has been suggested that

the acrosome reaction occurs at a distance from the zona
pellucida (Huang et al ., 1981).

The isolation of guinea

pi g spermatozoa with partially and completely disrupted
acrosomes within and without the cumulus mass (Austin and
Bishop, 1958; Overstreet and Cooper, 1979) and the
identification of cumulus dis p ersing enzymes within the
acrosome (McRorie and Williams, 1974) supported this
sug gestion.

If the acrosome reaction do e s occur away fro m

th e zona pellucida then factors that induc e this reaction
in free swimming spermatozoa in vitro , f oll i cular fluids
and calcium influx, for example, may well b e p hysiolo g icall y
relevant (Florman and Storey , 1982).
On the other hand, studies with mice (Saling and
Storey, 1979; Saling et al ., 1979; Florman a nd Storey ,
1982) and hamsters (Gwatkin, 1976; Phillips and Shalgi,
1980; Hall and Franklin, 1981) have indicated both/ that
intact sperm can bind to the zona pellucida and successfully
undergo the acrosome reaction and that the acrosome reaction
can be triggered by washed, cumulus-free eggs (Staling
et al ., 1979).

It appears, therefore, that the acrosome
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reaction in the mouse and hamster occurs after the binding
of spermatozoa to the zona pellucida .

If so, it follows

that the acrosome reaction in free swimming spermatozoa
is not physiologically relevant (Florman and Storey, 1982)
Two apparently different sets of molecules have
been implicated in the triggering of the acrosome reaction
in murine sperm.

The identification of these molecules

was the result of two different approaches to the problem;
proteins from the mouse zona pellucida were isolated by
Bleil and Wassarman (1978, 1980a,b, 1983) while Shur and
his colleagues (1979, 1981, 1982) examined the molecules
of the sperm plasma membrane.
Preliminary experiments by Bliel and Wassarman (1978)
demonstrated that solubilized zona pellucida from unfertilized
eggs reduced mouse sperm binding b y 90 % whereas zona
pellucida from a 2-cell embryo had no effect.

This suggested

the zona pellucida of the unfertilized egg contained the
sperm receptor responsible for triggering the acrosome
reaction.

Using SDS-PAGE analysis, Bleil and Wassarman

(1978, 1980a) identified three major glycoproteins of apparent
molecular weights 200 kd (zp 1), 120 kd (zp 2) and 83 kd
(zp 3)
egg.

from the purified zona pellucida of an unfertilized
These proteins, zp 1, zp 2 and zp 3, represent 36, 47

and 17 % of the total protein of the zona pellucida.

Of

the three glycoproteins purified, only the zp 3 glycoprotein
inhibited sperm binding to the same extent as unfractionated
soluble zona pellucida.

The zp 3 glycoprotein also induced

an acrosome reaction in the presence of calcium to an
extent comparable to that observed with calcium ionophore,
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A23187 (Bleil and Wassarman, 1980b, 1983).

The other

gly~oproteins, zp 1 and zp 2, from the zona pellucida
of an unfertilized egg and zp 3 from the zona pellucida
of 2-cell embryo did not inhibit sperm binding or
trigger the acrosome reaction (Bleil and Wassarman, 1980a,
1983). Therefore, it appears that the zp 3 glycoprotein
of the egg _zona pellucida serves ooth as a specific sperm
receptor and as the inducer of the acrosome reaction in
the ·mouse.
Attempts to identify the molecule on sperm . .
that is involved in its initial binding to egg and in
the triggering of the acrosome reaction have been conducted
mainly by Shur and his colleagues. They have argued that
a sperm surface enzyme, a galactosyltransferase, which
transfers D-galactose on to a free or terminal N-acetylD-glucosamine residue , mediates the sperm-egg interaction
by recognizing and binding to terminal N-acetyl-D-glucosamine
residues on the zona pellucida.

The basis for this

argument is as follows:
{a) Sperm capacitation and activation can be achieved in
vitro either by pretreatment of sperm with antisera

directed against the galactosyltransferase substrates
or by washing sperm in calcium-free medium thereby
releasing D-galactose residues.

The released galactose-

residues inhibit the binding of capacitated sperm to the
zona pellucida whereas other glycosides presumably not
recognised by the sperm surface galactosyltransferase
do not inhibit the interaction of sperm with the zona
pellucida (Shur and Hall, 1982~}.
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(b) The effect of certain mutant alleles of the T/t complex
is to increase the fertilizing ability of sperm. Sperm
bearing these alleles were found to have a 4-fold
increase in their surface galactosyltransferase activity
while eight other t-sperm enzyme activities tested were
indistinguishable from normal (Shur and Benne t, 1979).
Furthermore sperm bearing either recombinant tchromosomes or one of four dominant T mutations , which
do not affect fertilization, expressed normal levels
of galactosyltransferase activity (Shur, 1981).
(c) Two reagents that specifically perturb galactosyltransferase
activity, a -lactalbumin and UDP -dialdehyde , inhibited
sperm-zona pellucida binding (Shur and Hall , 1982b).
(d) Heat solubilized or pronase digested zona pellucida
inhibited sperm-zona binding and by using UDP - H3
D-galactose it has been shown that this zona pellucida
extract can be glycosylated by the sperm
galactosyltransferase (Shur and Hall , 1982b)
(e) Finally, pretreatment of eggs with S- N-acetyl
D-glucosaminidase inhibited sperm binding b y up to
80 % and S-galactosidase pretreatment increased sperm
binding by 55 % (Shur

and Hall , 1982b).

Collectively, these results point strongly towards
a direct involvement of a galactosyltransferase in the initial
sperm-egg binding which leads to the acrosome reaction of
sperm.

If and how this system relates to the putative cell

adhesion zp 3 glycoprotein remains to be clarified.
1.4.3.3.3

Attachment of acrosome - reacted sperm to the egg zona

pellucida
The binding of sperm to the zona pellucida is responsible
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for the high degree of species specificity observed in
mammalian fertilization (Yanagimachi , 1981).

This

attachment triggers the acrosome reaction in the intact
spermatozoa of mouse and hamster but in the guinea pig,
only acrosome reacted sperm are able to attach and
penetrate the zona.
Using guinea pig gametes, Huang and his co-workers
demonstrated that the attachment of the acrosome-reacted
spermatozoa to the egg could be inhibited by fucoidin,
a sulphated polymer of L-fucose (Huang et a i. , 19 82) .
Subsequent studies with a biotinylated derivative of
fucoidin and fluoresceinated avidin located specific
fucoidin binding sites on the inner acrosomal membrane
and equatorial segment domains of the acrosome reacted
guinea pig spermatozoon .

These areas also corresponded

to those regions of the sperm that adhered to the zona
(Huang and Yanagimachi, 1984).

These preliminary

e xperiments led Huang and Yanigimachi (1984)

to suggest

that a 'bindin-like lectin' on the sperm surface
recognized a fucoidin-like structure on the egg zona
pellucida, a suggestion which bears marked similarity
to the bindin-fucose sulphate interaction of the acrosome
reacted sperm
egg.

to

the vi telline layer

of the sea urchin

It is also interesting to note that fucoidin

inhibits hamster and human sperm-egg bindin g (Huang et
al ., 1981).

_However, it is

possible that fucoidin may

bind to molecules closely associated with the actual
gamete adhesion molecules and

inhibit sperm-egg

binding by steric hindrance . The isolation of both a
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bindin-like lectin and a fucoidin-like polysaccharide
from the sperm and egg surfaces respectively and an
analysis of the

function of such molecules should

determine whether or not they are gamete recognition
molecules.
1.4.3.3.4

Subsequent events

Upon firm attachment to the surface of the zona,
the acrosome reacted sperm penetrates the zona pellucida .
Although good mobility of the spermatozoa is necessary
for penetration, assistance from chemical or enzymic
mechanisms have been postulated.

It has been suggested

that acrosin, a proteolytic enzyme carried on the inner
acrosomal membrane, plays an important role in this process.
When the sperm has penetrated the zona pellucida,
it moves vigorously in the perivitelline space before
attaching obliquely to the vitelline membrane.

The fusion

between the sperm and egg plasma membrane is generally
non-specific and the precise mechanisms of membrane fusion
are still unknown.
1.4.3.3.4

Summary

Two apparently different sets of molecules have
been identified that appear to be involved in the triggering
of the acrosome reaction in murine sperm.

Bleil and

Wassarman isolated a glycoprotein, zp 3, from the zona
pellucida of unfertilized eggs. This molecule inhibited
sperm binding to the zona pellucida and induced an acrosome
reaction in murine sperm in the presence of calcium.
However, Shur and his colleagues concluded from a series
of experiments which included genetic, inhibition and
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enzymic studies , that a galactosyltransferase is directly
invplved in triggering of the acrosome reaction .

If and

how these two sets o f molecules are related remains to
be clarified.
Finally, circumstantial evidence by Huang and his
colleagues (1984) has suggested that a fucoidin binding
lectin mediates the attachment of guinea pig acrosome
reacted sperm to homologous eggs.
1.4.4

Vertebrate ~ embryonic cell aggregation
The understanding of the processes involved in

generating a functional and highly differentiated embryo,
and then an adult organism , from a single cell called
zygote is one of biology ' s most challenging problems .
The events of embryogenesis can be divided into three
broad categories :

differentiation, reorganization of

cell positions and the subsequent migration of primordial
germ cells .

Although the current understanding of each

of these categories is limited, it now seems likely
that, in addition to cell ancestry, cell-cell interactions
and the position of cells within an embryo influence the
final phenotype of a cell (Le Douarin , 19 84) .

It

appears that cells, through successive cleavages , become
restricted in their capacity to express all their
inherited genetic information and it is thought that
environmental cues acting via certain cell-cell
interactions select and trigger specific differentiation
Pathways .

The reorganization and migration of embryonic

cells also seem, in part , to be regulated by specific
cell - cell interactions.

Therefore , an understanding of
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the mechanisms involved in cell recognition and cellcel~ adhesion in an embryo could provide insight into
some of the remaining questions of animal development.
To explore the mechanisms of embryonic cell
association in an intact embryo was impossible and so
in vit r o experimental systems had to be developed.

This was first achieved by Hol tfreter ( 19 39) with
amphibian embryonic tissues.

He demonstrated that

mixtures of cells from different amphibian embryonic
tissues would segregate

and develop in vitro into

structures resembling the parent tissue.

This finding

led him to suggest that in vitro morphogenesis was the
result of specific tissue affinities that were also
expressed at the cell surface

(Holtfreter, 1943).

The first major experimental breakthrough in the
study of vertebrate embryonic cell aggregation was
achieved by Moscona and his colleagues.

They used trypsin

treatment to prepare viable, single cell sus pensions of
vertebrate (chick and mouse) embryos (Moscona, 1952) and
using these suspensions, defined the in vitro conditions
whereby cells could be induced to reaggregate and
.sort into aggregates resembling the original tissue
(Moscona and Moscona, 1952).

Although they found that

vertebrate embryonic cells ~n vitro were capable of
tissue specific as well as cell specific recognition,
in no instance was species

specificity demonstrated

(Monroy and Moscona, 1979).
Two main mechanism have been proposed to account
for the 'cell sorting ' behaviour observed.

Embryonic

55
cell sorting may reflect a repertoire of distinct cell
surface ligands (Moscona, 1974) or quantitative differences
in general properties of the plasma membrane charge,
hydrophobicity and/or van der Waal forces (Steinberg,
1970)

(also see Section 1.5).

Advocates of the cell-

ligand hypothesis reasoned that if this hypothesis was
correct, it should be possible to isolate from cells of
different embryonic tissues, molecules with the activity
of a putative tissue and/or cell specific ligand.
Two main experimental protocols were utilized for
the identification of moiecules involved in the cell
adhesion process.

The first, adopted by Moscona and

his co-workers, involved the search for molecules,
either collected from supernatants or extracted from the
plasma membrane, that would directly alter the rate or
extent of cell aggregation.
'cell aggregation factors'

These molecules were termed
(Moscona, 1962, 1968).

The

second approach was to use immunological techniques and
was based on the ability of monovalent antibodies (Fab ) to
specifically

block the natural adhesiveness of cells.

This approach was used by Edelman,

Rutishauser and

their colleagues to detect, isolate and characterize
a molecule they termed neural

cell adhesion molecule

(N-CAM), as the putative cell adhesion molecule of neuronal
cells.
1.4.4.1

Cell agg r egation f actors

Cell adhesion molecules, or aggregation factors,
Were assumed to enhance cell aggregation in vit r o , i.e.,
cause cells to both aggregate faster and form larger
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tissue specific aggregates than would occur in the
absence of the putative aggregation factor.
fitting thi's · criterion

Molecules

have been isolated from

embryonic tissue.
Retina specific cell aggregation factor was first
reported by Moscona (1962)
retina cells.

from embryonic chick neural

Subsequently, a cerebrum specific, cell

aggregation factor was derived from cerebrum cells of
mouse and chick embryos (Garber and Moscona, 1969, 1972a,b).
Both factors were detected in supernatant material
collected from primary cell cultures of either retina
or cerebrum cells, and were assumed to represent components
that are normally associated with the cell surface
(Lilien and Moscona, 1967; Lilien, 1968; Moscona and
Hausman, 1977) .

The retina specific factor could only

be obtained from cells isolated from embryos younger than
13 days and only pre-13 day retina cells aggregated in
response to this factor

(Hausman and Moscona, 1976).

Hence it appeared that the retina cell aggregation factor
was developmentally regulated (Moscona, 1962; Hausman and
Moscona, 1973, 1975, 1976).
Antisera prepared against the purified retina cell factor
inhibited normal reaggregation of pre-13 day retina cells
and when labelled with FITC,

these antisera were found to

only bind to the surface of cells from which the
aggregation factor could be extracted (Goldschneider
and Moscona, 1972).

These data therefore suggested a

direct role for the aggregation factor in the adhesion
of embryonic retina cells .
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The retina specific cell aggregation activity was
associated with a 50~ 6

kd glycoprotein having an

isoelectric point (PI) of 3. 8 - 4 .1 and was composed
of

less than 20% (by weight) carbohydrate (Mcclay and

Moscona, 1974; Hausman and Moscona, 1975).

It was

demonstrated by differential inhibition with a proflav in,
and radiolabelled

14

c-amino acid mixture or 3H-glucosamine,

that this glycoprotein was synthesized by the retina
cells (Hausman and Moscona, 1973; Mcclay and Moscona,
1974).

In addition, retina cell membrane preparations

that enhanced the reaggregation of embryonic neural
retina cells but not cells of other embryonic tissues
have also been demonstrated (Merrell et al ., 19 75; Hausman,
Knapp and Moscona, 1976).

The aggregation activity of

the retina cell membrane preparations was subsequently
shown to reside in a membrane glycoprotein with biochemical
characteristics identical to those of the aggregation
factor (Hausman and Moscona, 1976).

It is therefore

probable that the activity in the retina cell membrane
preparation and the aggregation factor were one and the
same, and if so, the aggregation factor represents
components that are normally associated with the cell
surface.
The activity of the aggregation factor, a glycoprotein
appears to be dependent upon both its protein and
carbohydrate components.

It was initially thought that the

aggregating activity of the factor was only dependent on
the protein part of the molecule since activity could be
destroyed by trypsin treatment but not by treatment with
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neuraminidase, B-galactosidase, galactose oxidase and
per~odate (Hausman and Moscona, 1975).

However,

Balsamo and Lilien (1975) provided evidence that B-Nacetyl~hexaminidase and N-acetyl-galactosidase treatment
reduced the binding activity of the retina factor while
enzymes specific for other sugars, a -mannosidase, and
rnannosamine inhibited the activity of a factor shown to
aggregate cerebral cells, but had no effect on the retina
factor.

The binding specificity of the retina cell

aggregation factor, therefore, seems to lie with the
oligosaccharide moiety although its functional activity
is also dependent upon a intact protein component.
A three component model for embryonic cell aggregation
was proposed by Balsamo and Lilien (1974).

They suggested

that the aggregation factor could bind to its cell surface
receptor via its carbohydrate moieties and the binding of
the protein portion of the aggregation factor to a
li gator

molecule was envisaged as cross linking the cells

(Fig . 1.11).

At this point, neither the receptor nor

the ligator molecule have been isolated and so the
precise mechanism by which the aggregation factor enhances
the adhesion of embryonic retina cells remains unknown.
1.4.4.2

Ne ural

cell adhesion molecules (N - CAM)

Molecules believed to aggregate embryonic neuronal
cells were isolated from the surface of these cells using
an immunological assay.

The assay was based on the

assumption that Fab specific for the aggregation factor
would block cell adhesion.

The major advantages of such

a method is that it does not require the putative cell
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adhesion molecule to be an agglutinin nor does it depend
on ~he retention of biological act ivity after the
molecule has been removed from its cellular environment.
Nevertheless, there are drawbacks.

If antibody binding

is to block the activity of the cell adhesion molecule
then this molecule must have stable antigenic determinants
close to its functional site.

However, it is also possible

that molecules identified by the blocking antibody are
not involved in recognition and binding but are only
closely associated with the actual cell adhesion
molecule on the cell surface (Rutishauser, 1983).
An immunological approach was used by Edelman, Rutishauser
and their colleagues in the identification and characterization
of a neural

cell adhesion molecule, N-CAM.

Antisera were raised against whole _embryonic
retina cells obtained from murine

tissues and Fab prepared

from these antisera were tested for their ability to
specifically inhibit embryonic retina cell aggre ga tion
(Brackenbury et al. , 1977).

The antisera with inhibitory

activity were then used to immunoaffinity fractionate
125

I-labelled lysates of retina cells (Thiery et al .,

1977).

The Fab-neutralizing activity in this fractionated

material was identified as a single component that was
termed neuronal cell adhesion molecule, N-CAM (Thiery et al .,
1977; Rutishauser et al ., 1978a).

The purified N-CAM was

then used to produce very specific antibodies with potent
adhesion blocking activity (Thiery et al ., 1977;
Rutishauser et al ., 1978a).

Finally, in order to isolate

and purify large quantities ( >l Omg) of N-CAM, anti- (N-CAM)
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Fig. 1.11. Model showing the role of each of the
proposed components; the aggregation factor (APM),
the APM receptor on the cell surface and the
'ligator' molecule, in mediating embryonic cell
aggregation.
The stippled area is carbohydrate
(from Balsamo and Lilien, 1974).
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monoclonal antibodies were produced that were capable of
specifically removing the neutralizing activity from
lysates of retina cells (Hoffman et a l ., 1982).

The use

of this monoclonal provided large quantities of highly
purified N-CAM for biochemical analyses.
Functional studies with purified N-CAM provided
evidence supporting the view that N-CAM acts as a specific
cell binding molecule.

Reconstituted lipid vesicles

containing purified N-CAM and soluble N-CAM that had
been briefly exposed to pH3, bound to the same range of
cell types as intact neuronal cells and these interactions
were inhibited by pretreatment
(N-CAM)

antibodies.

of target cells with anti-

Furthermore, both N-CAM vesicles

and soluble N-CAM pre-exposed to pH3 were able to inhibit
embryonic retina cell aggregation (Rutishauser e t a l .,
1982). However, untreated N-CAM showed no significant
binding to cells or inhibitory activity.

The precis e

e ff e ct of low pH on N-CAM is not known (Rutishauser et al .,
1982).

Vesicles with surface N-CAM were able to a g gregate

spontaneously and only cells which carry N-CAM were able to
adhere to each other provided

circumstantial evidence

that N-CAM could function as a self-complementary of li g an d
(Rutishauser et al . , 1982).
Circumstantial evidence from studies with anti-(N-CAM)
antibodies is also consistent with the notion that N-CAM
functions in embyronic neural cell adhesion . Irnrnunocytological
studies with FlTC-labelled anti-(N-CAM) antibodies revealed
a surface localization of N-CAM in neural tissues
(Rutishauser e t a l . , 1978b) while antibody absorbtion
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studies demonstrated that decreased adhesiveness of
cultured retina cell from older embryos correlated with
a decrease in the density or accessibility of N-CAM
on the cell surface (Rutishauser et al ., 1978a).
Additional functional studies with Fab specific
for N-CAM revealed that N-CAM is involved in a variety
of developmental events such as fasciculation of nerve
fibres (Rutishauser et al .,

1978b), segregation of

cell bodies and neurites in cell aggregates (Rutishauser
et al ., 1978a) and retina tissue (Buskirk et al ., 1980),

the growth of fascicles towards a source of nerve growth
factor (Rutishauser and Edelman, 1980) and mediate nerve muscle interactions (Grumet et al ., 1982).
Biochemical analyses reve aled that N-CAM isolated
from embryonic retina was a gl y coprotein consistin g b y
we i ght, of about two-thirds protein and one third
c a rbohydrate (Hoffman et al ., 1982).

Th e amino acid

cornposi tion was ·not unusual and anal y sis of the amino
terminus gave a predominant amino acid seque nce of NH2Leu-Gln-Val.

A striking feature of the molecule was its

high content of sialic acid relative to neutral sugars
(13 moles sialic acid/ 100 moles amino acid, compared with
1.4 moles D-galactose, 1.0 moles L-fucose, 2.2 moles
D-rnannose and 2.7 moles N-acetyl-D-galactosamine). Further
studies have also identified N-linked sulphated saccharides
and phosphoamino acids in the N-CAM molecule (Sorkin et
al ., 1984).

Cell adhesion molecules were demonstrated, by SDS-PAGE
analysis, to differ according to tissue of origin.

For
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example , highly purified , embryonic retina N-CAM migrated
as _a broad , diffusely stained band of 140 kd while N-CAM
from embryonic brain appeared as a 200-250 kd glycoprotein.
Subsequent analyses revealed that cell adhesion molecules
from embryonic spinal cord , muscle and liver, all displayed
different electrophoretic patterns (Bertolotti et al .,
1980; Hoffman et al . , 1982; Gallin et al ., 1983;
Rutishauser et al ., 1983).

The major source of this

molecular heterogeneity was the sialic acid content of the
molecules since removal of this sugar by neuraminidase in
all cases yielded material that migrated as sharp bands
with apparent molecular weights of 140 kd and/or 170 kd
(Cunningham et al ., 1983) .
Variations in sialic acid content in N-CAM were
also observed during development and maturation .
Neuronal cell adhesion molecules from the brain of an
adult chicken, for example , contained about one third the
sialic content of its embryonic form (Rothbard et al .,
1982).

Similarly, early postnatal

changes in the a mount

and structure of sialic acid containing sugar mo i eties
of N-CAM from murine nerve tissue were also detected
(Trenker, 1979).

It is interesting to note that mice

exhibiting the 'staggerer ' mutant phenotype expressed
altered neuraminidase and hexosaminidase activities
(Willie and Trenker, 1981; Willie et al ., 1983) as
well as exhibiting a delay in the postnatal changes of
the sialic acid containing sugars of the N-CAM that occur
in the cerebellum (Edelman and Chuong , 1982) .
A model explaining the mechanism of neuronal cell
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adhesion via cell bound N-CAM was proposed by Rutishauser
(1923 , 1984) .

He suggested that it was the carboxy-tcrminal

region of the N-CAM (identified by Hoffman et al . ~ 1982)
that was associated with the cell membrane whilst the
amino-terminal domain, separated from the carboxy-terminal
region by a central region, was said to be the binding site
(Fig. 1.12) .

The central region contains the bulk of the

carbohydrate .

The binding properties of the amino-terminal

domain were found to be influenced by the sialic acid
content of the central region, removal of the negatively
charged sialic acid residues increased the rate of cell
adhesion by almost an order of magnitude (Cunningham et al .~
1983).

Although the basis of this effect is unclear,

it was suggested that the differences in the net negative
charge of the N-CAM produced by the sialic acid, sulphate
and phosphate groups, could result in a hierarchy of
binding affinities amongst the different cell adhesion
molecules.

These differential affinities could then confe r

the tissue and cell specific affinities observed in vivo
(Steinberg, 1970; Rutishauser, 1984).
The validity of the model proposed by Rutishauser
(1983, 1984) is dependent on the assump tion that N-CAM is
the only molecular species involved in mediating neuronal
cell aggregation.

Although the antibodies that inhibited

neuronal cell aggregation only bound to N-CAM, it is
possible that other molecules that did not induce
significant antibody production may function in cell
adhesion .

Therefore , Rutishauser ' s model (Rutishauser,

1983, 1984 ) should be viewed with caution until it has
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Fig.l.12. Schematic representation of the N-CAM glycopeptide
showing a linear arrangement of an amino-terminal binding
site, a central region with sialic acid-containing
carbohydrate moieties (stippled areas) and a carboxylterminal domain which is associated with the cell membrane.
The 65 kd fragment carried a binding site and little or no
carbohydrate, the 108 kd fragment released from cells by
proteolysis has both binding activity and a high carbohydrate
content while the 140/170 kd molecule is the neuraminidase
treated brain-derived N-CAM (adapted from Rutishauser, 1984).
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been established whether other molecules are involved in
cell adhesion.
1.4.4.3

Conclusion

Two molecules have been identified as possible
mediators of embryonic retina cell aggregation.
and his co-workers have identified a 50

~

Moscona

6 kd glycoprotein

from embryonic retina cell culture supernatants and retina
cell membranes.

It was suggested that this molecule , termed

aggregation factor, bound to its cell surface receptor via
carbohydrate moieties whilst binding to a bridging molecule,
termined ligator, to effect retina cell aggregation
(Balsamo and Lilien, 1974).
A second molecule, N-CAM, has been proposed by
Edelman , Rutishauser and their co-workers as the mediator
of embryonic retina and neuronal cell aggregation . Antibodies
raised against whole embryonic retina and neuronal cells
which specifically inhibited homologous cell aggregation,
were used to isolate this molecule.

Rutishauser (1983, 1984)

proposed that N-CAM associated with the cell membrane via
its carboxyl-terminaldomain and mediated cell-cell adhesion
through the self association of the amino-terminal domains
of N-CAMs on adjacent cells.
It appears, therefore, that these two different groups
of investigators have identified two dissimilar cell surface
molecules from retina and/or neuronal cells.

They have also

Proposed separate models to explain how these molecules
effect cell-cell aggregation.

At this stage, however, there

is insufficient evidence to ascertain if one or both these
models function in mediating specific embryonic cell
aggregation.
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1.5

Basic theoretical models of intercellular adhesion
It was hoped that after an extensive review of the

literature ,

an underlying theory would emerge that could

unify the molecular bases of cell-cell interactions from
a variety of diverse experimental systems.
was not the case.

However, th i s

A number of models have been proposed

by other investigators to explain cell adhesion and these
can be divided into two broad categories .

The first

category, the physical models, assert that adhesion takes
place via weak, non-specific forces , predominantly
electrostatic, hydrophobic and/or van der Waal in nature.
These forces are not identified with a specific gene
product or surface molecule but represent the general
property of the cell surface .

Chemoaffinity models ,

be longing to the second category, postulate that adhesion
is mediated via the complementary interaction of specif i c
cell surface molecules unique to each tissue and/ or cel l
t ype.
1.5.1

Physical models of intercellular adhesion
Physical models postulate that cell adhesion is

mediated via net , non-specific forces such as electrostatic,
hydrophobic and van der Waal interactions.

These models

imply that cell adhesion itself is either non-specific
(and the specificity of aggregation the result of other
properties of cells) or that specific adhesion is
mediated by quantitative differences in the forces between
different cell types .
Curtis (1961) provided the first experimental evidence
suggesting that cell adhesion was non-specific in nature.
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Using the sorting out assay, he found that the pattern in
which embryonic amphibian cells sorted out appeared to be
dependent on the time each cell type was added in to the
aggregation assay rather than any inherent difference in
the surface receptors of the cells.

Similarly, Sara et al .,

(1966a,b) reported that sponge cells formed mixed aggregates
both with cells from other sponge species and anthrozoan
cells.

Results from experiments where the kinetics of

aggregation assay (s ee Section 1.3.2.2) was employed led

Curtis

(1969; 1970b) to conclude that sponge cell adhesion was a random
event .

Factors such as the relative mobilities and size

of the cells, he said, determined the probability of
each cell contact and cell adhesion, he proposed , was
mediated by non-specific electrostatic, hydrophobic and/or
van der Waal forces which exhibit no apparent variation
between cell types.

If observed, differential cell adhesions

in the in v it r o aggregations were said to be artifacts
resulting from the trypsin treatment that was required
to form a single cell suspension:

The trypsin treatment may

may not have aff~cted all cell types equally (Curtis, 1970a).
The observations of Curtis, Sara and their
co-workers were not reproduced by other investigators .
(McClay, 1971; John et al ., 1971; Maslow and Mayhew, 1974)
Thus Maslow (1976)

suggested that the observations of

Curtis, Sara and their co-workers were due, primarily , to
the suboptimal conditions of their aggregation assays.

In

fact, on a later occasion, Curtis and van de Vyver (1971)
reported that sponge cell aggregation was a specific event.
Sponge cell aggregation was said to be mediated by a soluble
factor that increased adhesiveness of homologous cells
but decreased adhesion of heterologous cells.

Therefore,
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these later observations argue against Curtis's earlier
hypothesis that non-specific forces are more important
than specific adhesion events in reaggregation of cells
~n vitro .

The notion that quantitative differences in the
non-specific, electrostatic, hydrophobic and/or van der waal,
forces between different cells could effect specific cell
adhesions was proposed by Steinberg (1958, 1962a,b,c,d,
1963, 1964, 1970).

The final equilibrium state that

mixtures of cells sorted out into was assumed to be
achieved when all the cells in the aggregate were orientated
to adhere to each other with the greatest avidity, the
most adhesive cells being positioned in the centre of the
aggregate.

This proposition was based on the observations

that mixtures of cells from a single tissue/organ aggregated
in patterns resembling the original tissue/organ.

Cells

from d±fferent organs sorted out into reproducible patterns ,
however these patterns may or may not have included mixed
aggregates.
Three main points should be considered when evaluating
Steinberg's hypothesis.

First, the sorting out pattern is

not solely the result of differential cell adhesiveness
but also on the motility and the size of cells used
(Maslow , 1976).

Second, as it is not possible to directly

quantitate cell adhesiveness, Steinberg's hypothesis of
differential cell adhesiveness cannot be tested experimentally.
Finally, Steinberg was unable to postulate a mechanism by
Which a cell could regulate and alter its 'non-specific'
adhesive properties.

This is especially relevant since a
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change in a cell's adhesive properties is a necessary
requirement of reversible cell cohesion.

Until a control

mechanism is proposed, the physical theory will remain but
an unattractive alternative to the favoured chemoaffinity
theory in explaining cell adhesion.
1.5.2.

Chemoaffinity models of intercellular adhesion
The chemoaffinity model states that cell recognition

and binding is mediated via complementary pairs of cell
surface molecules, unique for each tissue and/ or cell
type, that interact in a similar manner to antigen and
antibody (Tyler, 1949).

The many variations of this

model can be broadly categorised into two main groups:
interactions that are mediated by homologous molecules
and those that are mediated by heterologous structures.
Experimental evidence in support of homolo gous molecules
mediating cell adhesion include the MAF - MAF interaction
of cells from the sponge Microciona spp . (see Section 1 . 4 . 2.1.3)
and the N-CAM interactions that mediate neural cell
adhesion (see Section 1.4.4.2). However, the majority of
cell interactions seem to be mediated by heterologous
pairs of molecules, for example, the discoidin lectins
and the cell adhesion molecules implicated in Goedia spp .
cell aggregation, fertilization and embryonic cell
aggregation (see Section 1.4).
The interaction of complementary molecules on
adjacent cell membranes appears to be dependent upon the
overall positioning of the molecules in the membranes.
This point was first highliqhted by Weiss (1947) who
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suggested that the selective adhesion and non-adhesion
of cells during development was determined by the pattern
of the complementary molecules along the contact surface.
Since then, this hypothesis has been extended by Monroy
and Moscona (1979) and Edelman (1984)

to account for the

tissue and cell specific interactions that they observed
with embryonic tissues.

Their 'mosiac' models state that,

in general , different tissues have structurally similar
yet qualitatively unique cell surface ligands (Monroy
and Moscona, 1979) or cell adhesion molecules (CAM)
(Edelman, 1984) that regulate tissue specific interactions,
whilst cell specific interactions are determined by the
quantity and pattern of these tissue specific ligands or
CAM

on each cell type.

speculative.

These models are, however, highly

The only experimental evidence supporting

the presence of such familities of tissue and/or cell
specifi c adhesion molecules have been provided by Edelman
and his co-workers (1983a,b, 1984).
tissue specific CAM
and showed that N-CAM

They identified unique

in liver muscle and neural tissues
isolated from different neuronal

cell types had similar biochemical properties (see Section
l.4.4.2).
The main shortcoming of the 'mosaic' model is its
inability to provide a mechanism that would maintain the
cell adhesion molecules in a specified pattern on the cell
surface and so mediate cell specific interactions.

This

is especially relevant since macromolecules on the cell
surface have been reported to exhibit considerable lateral
movement (Mcclosky and Poo , 1984).

Therefore, although
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tissue specific CAM

exist, further evidence is required

to demonstrate that these mol e cules actually mediate

ceZZ s pec ifi c interactions in vivo .
All chemoaffinity models of intercellular adhesion
assume a complementary interaction between molecules on
adjacent cell surfaces although the chemical nature of
the interacting molecules is usually not specified.
Intercellular adhesion may be mediated by the complementary
binding of protein and carbohydrate structures or proteinprotein interactions, as for example, in neural cell
adhesion (i.e. N-CAM; see Section 1.4.4.2 and Fig. 1.12)
or even carbohydrate-carbohydrate interactions like that
of sponge cell aggregation (see Section 1.4.2.1.3) and
fibroblast self adhesion (Franssen et aZ .~ 1981, 1983).
The latter method is definitely in the minority.

There is,

however, ample evidence that intercellular adhesion is
mediated by protein-carbohydrate recognition and e xamp les
are to be found in a range of biological systems, e. g .,
fusion of compatible yeast mating types (s ee Section 1.4.3.1),
aggregation of cellular slime mould

cells (s ee S e ct i on 1. 4 .1),

species specific aggregation of sponge cells (see Section
1.4.2), fertilization in many species (see Section 1.4.3.2;
1.4.3.3) and tissue specific embryonic cell aggregation
(see Section 1.4.4.1).

The removal of old circulating

erythrocytes, via galactose and/or N-acetyl-D-galactose
specific cell surface receptors, by J(upffer cellSin the
mammalian liver (Ashwell and Harford, 1982) and the
Phagocytosis of bacteria by mouse macrophages via receptors
Which recognize bacterial cell wall sugars (Weir, 1980)
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are further examples of probable carbohydrate-protein
mediated cell adhesion.

In fact,

the widespread involvement

of carbohydrates in cell-cell interactions has led some
workers to suggest that carbohydrate specific enzymes ,
notably glycosyltransferase (Roseman, 1970) and
glycosidases (Bell and Bell, 1983) mediate specific cell
recognition .

An important attraction of this model is

that i t can account for both the stable attachment of cells
and reversible contacts between cells.
There is only circumstantial evidence that glycosidases
are involved in intercellular adhesion .

Bell and Bell (1983)

demonstrated that rat splenocytes express cell surface
S-N-acetyl-D-glucosaminidases that exhibit binding but not
catalytic activity at physiological pH, and suggested that
this enzyme could have been functioning as a carbohydrate
binding protein which possibly mediated cell adhesion .
Similarly, Muller et al . suggested that glycosidases could
play a role in sponge cell aggregation, although they
proposed that the enzymes regulated the aggregation process
rather than mediating the initial recognition between cells
(see Section 1.4.2.2.2).
Cell surface glycosyltransferases , on the other hand,
have been the subject of more extensive study and there is
considerable experimental evidence to suggest that these
enzymes mediate some cell-cell interactions . Glycosyltransferases
are the enzymes that catalyse the attachment of monosaccharides,
in the form of sugar nucleotides to the termini of carbohydrate
chains.Because these enzymes exhibit specificity for both the
sugar nucleotide and the carbohydrate acceptor molecule
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(Shur and Roth, 1975) , they have particular appeal as
potential cell adhesion molecules.
The mediation of intercellular adhesion by
glycosyltransferase is depicted schematically in
Fig. 1.13.

Glycosyltransferases, if located at the cell

surface, may mediate cell adhesion by binding the surface
glycoside acceptors on another cell.

The catalytic

activity offers an additional regulatory mechanism
dependent upon the availability of the appropriate sugar
nucleotide.

In the absence of the sugar donor, the cells

will remain associated but in the presence of the appropriate
sugar nucleotide, the enzyme catalyses the glycosylation
reaction and the cells will dissociate (Fig. 1.13) .
However, if the cell carries another transferase that can
bind to this newly formed glycoside, this new interaction
could maintain adherence of the cells (Fig . 1.13),
Specific interactions and dissociations are thus regulated
by first,

the structure of the carbohydrate acceptor that

is developmentally regulated, second by the diversity
and specificity of the transferases on different cell types
and third by the availability of the relevant sugar
nucleotide.
Although a large number of studies have attempted to
demonstrate that cell surface glycosyltransferases mediate
cell-cell interactions, only a small number have provided
conclusive evidence (Roth, 1973; Shur and Roth, 1975).
A major technical problem has been the difficulty in
demonstrating that glycosyltransferase activity is actually
associated with the outer surface of the plasma membrane.
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Fig. 1.13 Model for intercellular adhesion by glycosyl transferases.

The diagram depicts a carbohydrate molecule on cell A whose
terminal sugar residue ( •) binds to a glycosyl transferase
(E1) on cell B.
The enzyme catalyses the transfer of a new
sugar residue ( 1:::,.) from a sugar-nucleotide donor (UDP-6 ) to
the end of the carboh ydrate chain.
The cells will then
dissociate unless a second transferase (E2) recognizing
the modified carbohydrate molecule is also present on cell
B.
If the necessary sugar-nucleotide was unavailable,
glycosylation would not take place and the cells would
remain attached.
(from Coombe and Ey, 1982).
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However, recent studies of the murine sperm-egg interaction
(see Section 1.4.3.3.3) and the aggregation of embryonic
carcinoma cells have clearly demonstrated a role for cell
surface glycosyltransferases (Shur, 1982, 1983).

In the

case of the sperm-egg interaction, the acrosome reaction
appears to be induced by a sperm surface galactosyltransferase
(see Section 1.4.3.3.3), whilst, serological and
polysaccharide inhibition studies have indicated that the
adhesion of embryonic carcinoma cells is mediated by a
galactosyltransferase-lactosaminoglycan interaction (Shur,
1982, 1983).
Despite the attractiveness of the glycosyl trans ferase
model of cell adhesion, alternative models have been advanced
to explain the functioning of the different molecular species
which have also been described as cell adhesion molecules.
Hence, although it is probable that an explanation of any
specific cell adhesion event will be based on a chemoaffinity
model , if a general molecular strategy for intercellular
adhesion exists, it is not, as yet , evident.
1.6

Concluding remarks
The discussion above clearly illustrates, first,

the wide range of biological functions dependent on
specific cell interactions and, second, the lack of
understanding of the molecular bases of these interactions.
Whilst the cell adhesion molecules proposed for a variety
of experimental systems provide evidence for a chemoaffinity
model of intercellular adhesion, most of these studies
have not demonstrated how these molecules mediate cell-cell
adhesion, in vivo .

Two systems where the molecular basis

,,
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of cell interaction has best been demonstrated are the
sea urchin sperm-egg interaction and the aggregation of
embryonic carcinoma cells.

In the sea urchin sperm-egg

interaction, both the sperm lectin, bindin, and the egg
receptor, a polysaccharide, have been purified (see
Section 1.4.3.3.3) while the aggregation of embryonic
carcinoma cells requires complementary galactosyltransferaselactosaminoglycan

molecules (see Section 1.5.2).

However

neither the fertilization system, which is physiologically
complex, nor the aggregation of a pathological cell type
represent suitable models for developing a general theory
of cell adhesion.

Therefore, the primary aim of this thesis

was to identify a simple but physiologically relevant
system for studying the molecular basis of cell-cell
adhesion.
A spontaneous, non-immune interaction between
l ymphocy tes and macrophages has been reported to occur

in vivo (Thiery, 1960; Andre-Schwartz, 1964; Schoenberg
et al .~ 19 6 4; Mi.ller and Avrameas, 19 71) . Preliminary

studies have suggested that this interaction results in
the maturation of thymocytes (Mosier and Pierce, 1972;
Lopez et al .~ 1977; van den Tweel and Walker, 1977;
Beller and Unanue, 1978) whilst allowing mature lymphocytes
to interact and subsequently respond to any foreign
antigens present on the macrophage surface (Lipsky and
Rosenthal, 1973, 1975a).

Since this interaction could be

reproduced in v it r o (Siegel, 1969, 1970; Lipsky and
Rosenthal, 1973, 1975a,b; Lopez et al .~ 1974, 1977)
it was thought to be a suitable model
for studying cell-cell interactions at a molecular level.
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The approach taken for this study was to first
develop an automated colorimetric assay to quantify
the murine lymphocyte-macro phage interaction.

This

assay was then used to identify the molecules involved
in mediating the recognition event and to define the
metabolic conditions for, and role of calcium in
maintaining, a stable interaction.

Based on data from

the lymphocyte-macrophage interaction, other cell
recognition and adhesion systems were investigated and
a model of intercellular adhesion proposed.

CHAPTER 2

MATERIALS AND METHODS
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2.1

Animals
All mice , rats and guinea pigs were bred at the

John Curtin School of Medical Research .

Mice were used

as donors of lymphocytes and macrophages from 4-12 weeks
of age.

Foetal mice were obtained from pregnant mice

16 and 19 days after the appearance of a plug.

Newborn

mice were obtained from litters at the specified number
of days after birth .
The sponge , Ophli....., taspon g ia tenuis ~ was collected
by Dr D.R. Coombe at a depth of 80ft below sea level,
off Bowen Island, Jervis Bay, N. S . W., Australia, and
kept in the laboratory in aerated artificial seawater
for up to 4 weeks.
2.2

Chemicals
The monosaccharides and oligosaccharides used in

the inhibition studies and their suppliers are listed
in Table 2 . 1.

Hyaluronic acid (Grade III-S from human

umbilical cord), chondroitin-4-sulphate (chondroitin
sulphate type A from whale cartilage), chondroitin-6sulphate (chondroitin sulphate type C from shark cartilage),
dermatan sulphate (chondroitin sulphate type B from
porcine skin) , keratan sulphate (from bovine cornea) ,
fucoidan (from Fucus vesiculosus ), pentosan polysulphate,
kappa-carrageenan (Type III from Eucheuma cottonii ),
lambda-carrageenan (Type IV from Gigartina aciculaire and
Gigartina pistillata ) and iota-carrageenan (Type V from
Eucheuma spinosa ) were purchased from Sigma Chemical Co ., St.

Louis , Mo., U.S . A .

Heparin (bovine mucous) was supplied by

Evans Medical Ltd., Liverpool, U.K., and arteparon

Table 2.1

Monosaccharides and oligosaccharides used
for sugar inhibition studies

Monosaccharides
D-fucose
D-glucose

a

L-fucose

N-acetyl-D-glucosamine
. C
D-g l ucosamine

L-rhamnose

D-glucuronic acidc

D-xylose b

D-galactosec

N-acetyl-neuraminic acid

N-acetyl-D-galactosamine

Glucose-6-phosphate

D-galactosamine

Galactose-6-phosphate

D-galacturonic acidc

Mannose-6-phosphate

D-mannose

Glucose-6-sulphate

L-mannose

Methyl - a -D- glucopyranosidec

N-acetyl-D-mannosamine

Methyl-a -D- galactopyranosidec

D-mannosamine

Methyl- B-D- galactopyranoside

D-mannitol

Methyl-a-D-mannopyranoside

D-ribosed

Oligosaccharides
Melibiosec

Lactose

Maltosec

Thiodigalactoside

Cellobiose c

Stachyose

Sucrose

Raffinosec

a

Ajax Chemicals Ltd., Sydney, Australia

b

BDH, Poole, England

c

Calbiochem, San Diego, CA., U.S.A.

d

Fluka, London, England

Remaining sugars supplied by Sigma Chemical Co., St. Louis,
Mo· , U.S.A.
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(Luitpold Werk, Munich, W. Germany) was a generous gift
of Dr P. Ghosh, Royal North Shore Hospital, St Leonards,
Sydney, Australia.

Dextran sulphate-2.3 (2.3 sulphates/

monosaccharide, mol.~t 500,000) was purchased from
Pharmacia Fine Chemicals, Uppsala, Sweden.

The

structural features of the different polysaccharides
are presented in Table 2.2.
All monosaccharides and oli gosaccharides were
stored at 80 mg/ml in phosphate buffered saline (PBS),
pH 7.0, and polyanions at 20 mg/ml in PBS or 0.15M
NaCl with the exception of hyaluronic acid (10 mg/ml)
and the carrageenans (2 mg/ml).

All sugars and

polyanion solutions were stored frozen at -20°C.

The

pH of the acidic sugars was adjusted to 7.0 by the
addition of SN NaOH.
The pharmacological agents tested in the cell adhesion
assays are listed below, with the abbreviations and
supplier in parentheses :
AG, Buchs G, Switzerland),
acid (EDTA)

sodium azide (NaN3)

(Fluka

ethylenediaminotetraacetic

(May and Baker, Victoria, Australia),

acetyl-salicylic acid (aspirin)

(BDH, Poole, England),

verapamil hydrochloride (Knoll A.G, Germany ), lidocaine
(Astra Chemicals, N.S.W., Australia), colchicine (C ommonwealth
Serum Labs., Australia), trifluoperazine (TFP) and
chlorpromazine (CP)

(Smith, Kline and French Labs.,

Australia), calmidazolium-R24571 (R2 4571)

(Janssen

Pharmaceutica, Beerse, Belgium), bromophenacyl bromide
(BPB)

(Koch and Light, Colnbrook, Berks, England),

Table 2.2:

Structural features of Polysaccharides

Moles/Disaccharide
Polysaccharide

Origin

Monosaccharide
Carboxyl
Groups

Sulphate
Groups

Hyaluronic acid

Animal

GlcUA

GlcNAc

1

0

Chondroitin-4sulphate

Animal

GlcUA

GalNAc

1

0 . 2-1.0

Chondroitin-6sulphate

Animal

GlcUA

GalNAc

1

0 . 2-1.3

Dermatan Sulphate

Animal

IdUA
GlcUA

GalNAc

1

1.0- 2 . 0

Heparin

Animal

IdUA
GlcUA

GlcNAc

1

2 . 0-3.0

Keratan sulphate

Animal

Gal

GlcNAc

0

1. 0 -1.8

Animal

GlcUA

GalNAc

1

2.0 (?)

Fucoidan

Plant

L-Fuc

0

2.0

Pentosan-polysulphate *

Plant

D-Xyl

0

4.0

Kappa-carrageenan

Plant

D-Gal

0

1. 0

Iota-carrageenan

Plant

D- Gal

0

2.0

Lambda-carrageenan

Plant

D-Gal

0

3.0

Dextran-sulphate2.3*

Bacteria

D-Glc

0

4.0

Arteparon

*

*

Artificially oversulphated
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calcium ionophore A23187 (A23187)

(Calbiochem-

B9ehringer, Pty. Ltd., Australia). 5, 8, 11, 14Eicosatetraynoic acid (ETYA) was a gift from
Dr M.J. Weidemann, Department of Biochemistry,
Faculty of Science, A.N.U.,

whilst all the other

inhibitors, namely nordihydroguaiaretic acid
(NDGA), ethyleneglycoltetraacetic acid

(EGTA),

hydrocortisone-21-sodium succinate (hydrocortisone),
quinacrine, indomethacin, iodoacetamide and
dibucaine hydrochloride were obtained from Sigma
(St. Louis, Mo., U.S.A.).

All reagents were

dissolved in either PBS or 0.1 %( v/v ) dimethyl
sulphoxide (DMSO) (Ajax Chems., Sydney, Australia)
prior to use in each experiment.
Artificial seawater and calcium/magnesium
(Ca++/Mg++) -free seawater was used to maintain the
sponge and sponge cells in the laboratory.

The

composition of artificial seawater was 0 . 38M NaCl>
0.023M MgS04. 7H20, 0.02M MgCl2.6H20, 0.01M
KCl, 9rnM CaCl2 and 2rnM NaHC03 while the composition
of ca++/Mg++-free seawater was 0.4M NaCl, 0.01M
KCl, 6.4rnM Na 2 S04 and 2rnM NaHC03.

All other

media used to maintain cell lines, cultures or
preparations (other than sponge cells) are
described in the text and supplemented with
lOOµg/l each of the antibodies, penicillin,
streptomycin and neomycin.
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2.2.1

Coup lin g flu o r e s cein to s ulphated poly s accharides

Coupling of fluorescein to sulphated polysaccharides
was performed according to the procedure of Glabe et al .
(1983).

Polysaccharides were activated by treatment

with cyanogen bromide prior to reacting with
fluoresceinamine.

Using a raicroplate fluorimeter,

Model AM140 (Dyanatech Laboratories Ltd., Sussex, U.K.)
fitted with excitation and emission filters for fluorescein,
the relative fluorescence intensity of the fluoresceinated
polysaccharide was determined and based on a fluorescein
standard curve (Fig. 2.1), the degree of fluorescein
substitution determined (Table 2.3).

The efficiency of

coupling varied with the availability of adjacent
hydroxyl groups in the polysaccharide chains.

Thus,

polysaccharides lacking adjacent hydroxyl groups, namely
arteparon, pentosan polysulphate, larnbda-carrageenan,
iota-carrageenan and dextran sulphate-2.3, were poorly
conjugated (Table 2.3).

Only six of the pol y saccharides

showed efficient conjugation ( >0.8 moles fluorescein /
mole polysaccharide) and these were used in subsequent
experiments to quantify the rate of endocytosis of various
polysaccharides by macrophages (see Section 2.12).

It

should be noted that, based on the fluorescein standard
curve depicted in Figure 2.1, 4 x 10-

12

moles of

fluorescein (lOFlU) was the lowest concentration of
fluorescein that could be reliably detected by the
rnicroplate fluorimeter.

Fig. 2.1 Standard curve of the relative fluorescence
intensity units (FIU) per mole (xlQ-10) of fluorescein.
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Table 2.3:

Efficiency of coupling polysaccharides with
fluorescein

Polysaccharide

moles fluorescein/mole

Carboxylated
hyaluronic acid

l. 3

Carboxylated and
sulphated
Chondroitin-4-sulphate
Chondroitin-6-sulphate
Heparin
Arteparon

1.1
l. 6
2.2

O.lb

Sulphated
Fucoidan
Pentosan polysulphate
kappa-carrageenan
lambda-carrageenan
iota-carrageenan
dextran-sulphate-2.3

l. 7
O.O(S)b

0.8
O.O(S)b

0.0(4)b
0.0(4)b

a

Assuming polysaccharides have molecular weight
105 daltons

b

Insufficient fluorescein coupled for use in
endocytosis experiments

polysaccharidea
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2.3

Cell preparations

General procedures

2~3.1

Thioglycollate-elicited peritoneal exudates were
produced by intraperitoneal injections (i.p.) of 2.5 ml
of 38% (w/v) thioglycollate (Difeo Labs, Detroit, MI.,
U.S.A.)

solution 4-14 days previously .

The thioglycollate

was aged at room temperature for 1-2 months before use.
Cells were harvested from thioglycollate pretreated or
normal mice by the i.p. injection of 10 ml of ice
cold Puck's saline.

Macrophages were pelleted twice

by centrifugation at 4°C and resuspended in Eagle's
minimum essential medium (Fl5; Grand Island Biological
Co., Grand Island, N.Y., U.S.A.) containing 1 %
foetal calf serum (FCS) and buffered with 2.5 mM
hydroxyethylpiperazine ethanesulphonic acid (HEPES;
ULTROL :
U.S.A.).

Calbiochem-Behring Corp., La Jolla, CA .,
For all experiments, unless otherwise stated,

data presented were obtained using thioglycollateelicited macrophages from BALB/c mice.

ECG-activated

macrophages were harvested from mice that had been
given an intraperitoneal injection of 5 x 10 6 Bacillus

Calmette - Guerin (BCG) organisms (living vaccine,
Commonwealth Serum Labs., Australia) 14 days earlier.
Single cell suspensions of different lymphoid
organs were prepared in Fl5/1 % FCS by forcing organ
fragments through a fine wire mesh, followed by
centrifugation on a cushion of Isopaque/Ficoll to
remove red and dead cells (Davidson & Parish, 1975).
Following three washes in Fl5/1 % FCS, cells were
resuspended to the required concentration in either
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HEPES/FlS/1% FCS or PBS/0.1 % BSA (bovine serum albumin)
unless otherwise stated.
Primary and secondary cultures of rat embryo fibroblasts
were kindly supplied by Dr A.J. Bellett.

Primary cultures

were prepared as described by Bellett and Younghusband (1979)
and grown in Eagle's modified minimum essential medium
(Autopow; Flow Laboratories, Australia Pty. Ltd., Australia)
supplemented with 10 % FCS, 0.036 % NaHC03, 0.003M NaOH . , 0.14 %
L-glutamine and 0.023 % Tris buffer (pH 7.6). Single cell
suspensions were obtained by treating the confluent monolayers
with 0.0025 % (w/ v)

trypsin at 37°C. Cells were washed a n d

resuspended in Autopow for use in nitrobenzooxaoliazde (NBD)phallacidin staining assay, only secondary and tertiary
fibroblasts were used.
The macrophage cell lines PU-5-1.8 and J-77 4 were
cultured until confluent in Dulbecco's minimum essential
me dium (Hl6, Grand Island Biological Co., Grand Island, N.Y.,
U.S.A.)

containing 10 % FCS and suppleme nt e d with 0.1 mM

L-asparagine.

The continuous fibroblast cell line, L929,

was cultured in Autopow, Flow Laboratories, Australia
Pty. Ltd., Australia)

supplemented with 10 % bovine serum

0.036 % NaHC03, 0.003M NaOH, 0.14 % L-glutamine, and
0.023 % Tris buffer (pH 7.6).

After washing off exc e ss

medium with PBS, the confluent monolayers were trypsinized
With 0.0025 % (w/v ) trypsin in

Hanks balanced salt solution

(HBSS) at 37°C to obtain single cell suspensions. Cells were
Washed and resuspended in FlS/1 % FCS and viability
assessed by trypan blue exclusion.
of cell lines Rl

(TL+), Rl

Suspension cultures

(TL-) and BW5147 were cultured
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in FlS/10 % FCS, whereas the EL-4 thymoma line and the
P815 mastocytoma line wer e cu l tured in Hl6/10 % FCS.
All cells were grown in 75cm2 st e rile tissu e culture
flasks

(Corning Glasswares, N.Y., U.S.A.).

Sponge cells were dissociated from the sponge,

Ophilitaspongia tenuis , by first soaki ng s p onge fragme nts
in ca++/Mg++-free seawater.

Cells were then gently

squeezed out of the tissue fragments and washed three
times in ca++/Mg++-free seawater (50g, 2 min, 4°C). The
cells were resuspended in the same medium and passed
through a double thickness, 80 µ nylon sieve to remove
debris and large aggregates.

The resultant single

cell suspension was adjusted to 2 x 106 cells/ml for
use in th e sponge cell aggregation assay s.
2.3.2

Fractionation of lymphocyte populations
Thymocytes were fractionated into peanut agglutinin

(PNA) - positive and negative c e lls b y the method described
by Draber and Kisielow (19 81).

2 x 10 8 thymocytes

resuspended in 0.25 ml o f Fl5 were mi xed with an equal
volume of a solution of 1 mg/ml PNA (Sigma Chemical Co.,
St. Louis, Mo., U.S.A.).

Af t e r 10 minutes

coincubation

at room temperature, the susp e nsion was lay ered onto
14 ml of FlS/20 % FCS in a 15 ml round-bottomed glass
tube.

After 20 min at room t e mperature, the PNA

positive and negative cells were collect e d with a
pasteur pipette, washed once in 0.15 M D-galactose
in phosphate buffered saline (PBS) and then incubated
in 0.15 M D-galactose/PBS for 20 min at room temperature
before washing twice in Fl5.

Cortisone resistant

thymocytes were obtained from mice injected i.p. with
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0.2 ml/mouse of 25 mg/ml hydrocortisone acetate
(Bousel, England) 24 hr prior to the collection of
the thymus.
Spleen cell suspensions were separated into
irnrnunoglobulin (lg)-negative and lg-positive populations
by rosetting surface lg-bearing cells with sheep antirnouse-lg coupled erythrocytes and separating rosetting
and non-rosetting cells on lsopaque/Ficoll (Parish et

al .~ 1974). The lg-negative cells were collected as a
band at the lsopaque/Ficoll interface.

The lg-positive

cells sedimented to the bottom of the gradient and were
recovered by lysing the erythrocytes with 40 % isotonic
HBSS, bringing the mixture to isotonicity with xlO
concentrated HBSS and washing the cells once with
Fl5/1 % FCS.

Viable cells were collected by an additional

centrifugation on lsopaque/Ficoll.
Spleen cells were depleted of Thy-1+ cells by being
treated with monoclonal rat anti-Thy-1.2 antibody (clone
30Hl2)

(Becton, Dickinson and Co., CA., U.S.A.) and

fresh guinea pig complement (McKenzie and Parish, 1976)
and the resulting dead cells being removed by lsopaque /
Ficoll centrifugation.

Nylon wool non-adherent cells

were obtained by incubating cells with nylon wool in
Fl5/10 % FCS media for 30 min at 37°C.

Non-adherent

cells were eluted by flushing the column with 10 ml
of Fl5/10 % FCS at 37°C under unit gravity.
Lymphocytes were separated into subpopulations
either bearing or lacking receptors for sulphated
Polysaccharides by a panning procedure.

0.5 mg of

Polysaccharide (kappa-carrageenan or hyaluronic acid)
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in 10 ml of PBS was added to 9 cm diameter plastic
~etri dishes (Disposable Products Pty. Ltd., Adelaide,
S. A., Australia) and left overnight at room temperature.
Polysaccharide solutions were then thrown off and the
dishes washed thrice by dunking in a PBS bath at room
temperature.

10 ml of PBS/0.1 % BSA containing 4 x 10 7

lymphocytes were added to each dish and the cells were
left to settle and adhere for 90 min at 4°C.

After

gently swirling the plates, non-adherent cells were
collected from both the kappa-carrageenan and hyaluronic
acid treated plates.

The adherent cells were harvested

by vigorously pipetting the cells off the plastic with
a short pasteur pipette.

Only kappa-carrageenan adherent

lymphocytes were collected as the yield of adherent
lymphocytes from h y aluronic acid coated p lat e s was too
low to allow testing in the r o s e beng al binding assay.
The Cells were washed once in FlS / 1 % FCS / HEP ES buffered
medium and resuspended at the required conce ntration
for assessment of binding to macrophage monolayers.
2.3.3

Prepa r at i on o f l ymphocyte and macrophage Zysates

Spleen cell suspensions were first sedime nted on
Isopaque/Ficoll to remove e rythrocytes
Parish, 1975).

(Davidson and

Thymocyte and macrophage cell suspensions

were not treated in this manner if they were free of
erythrocytes.

The cells were washed twice in cold PBS

before being used to prepare lysates.
Lymphocytes and macrophages at 108 cells/ml were
suspended in cold PBS containing 5 x 10-4M phenyl methyl
sulphonyl fluoride and 25mM sodium chelate.
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After incubating the cells for 30 min on ice, the
c~ll nuclei and remaining cellular debris were pelleted
at 28,000 g for 15 min at 4°C and the supernatant
lysate used for haemagglutination (HA) assays and/or
pronase treatment.
2.3.4

Pr e para tion o f pr onase treated lysates
Macrophage and thymocyte lysates (108 cell equivalents/

ml) were prepared by the procedure described above. Lysates
were dialysed for 20 hr against 0.1 mM sodium cholate/
PBS and insoluble material pelleted by centrifugation at
28,000 g for 15 min at 4°C.

Supernatants were collected

and treated with pronase (Calbiochem-Behring, La Joola,
CA., U.S.A.) at 1 mg/ml for 24 hr at 37°C.

A control

solution of PBS/0.1 mM sodium cholate was similarly
treated.

The lysates and control were then incubated in

a boiling water bath for 20 min to inactivate the pronase .
The resulting solutions were cooled and tested for
inhibitory activity.
2.3.5

Fr actionation o f lymphocyte lysates on s ucrose

gra dients
Cholate lysates of BALB/c thymocytes (0.2ml), dialyzed
or undialyzed, were applied to a 5.0 ml, 10-40 % (w/v )
linear sucrose gradient in PBS and centrifuged at
320,000 g (Rav) for 16 hr at 4°C.

In the case of

undialyzed lysates 25mM cholate was included in the
gradients. A control gradient was also run which contained
human haemoglobin (1 mg, 4.lS ) and fluoresceinated
sheep IgG (7.lS) as standards.

Following
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centrifugation 0.25 ml fractions were collected from
the top of the gradients using a Densi-flow fraction
collector (Buchler Instruments Div., Nuclear, Chicago,
U.S.A.).

Fractions were then tested for HA

activity in the case of the lysate gradients or for
haemoglobin absorbance and fluorescence intensity in the
case of the control gradients.
2.4

Colorimetric assay for quantifying binding of

lymphocytes to macrophages
Macrophage monolayers were prepared in the wells of
96-well round-bottomed tissue culture micro p lates (cat.
no. 76-013-05; Flow Labs., Inc., _McLean, VA., U.S.A.) . b y .
6
adding 100 µl/well of a suspension of macrophages (10 / ml)
in Fl5/1 % FCS/HEPES. In addition, 100\i l 'of 20 % heatdenatured FCS was added to each well,

to pre vent non-

specific sticking of lymphocytes to plastic.

Heat-

denatured FCS was prepared by incubating 10 ml aliquots
of FCS for 15 min at 80°C.

This preparation was stored

at 4°C and used within on e week as aggregates appeared
in the solution after a week and tended to displace
macrophages from plastic.

The microplates were incubated

overnight at 37°C in a sealed container.

Non-adherent

cells were then flicked off and fresh medium added to
each well with a multichannel pipette.
Different numbers of lymphocytes were added to the
macrophage monolayers (100 µl/well) and left to incubate
at 37°C for 90 min unless otherwise stated.
were done in triplicate.

All treatments

Non-adherent lymphocytes were

then flicked off and the adherent cells present in the
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wells stained with 0.25% ( w/v)

rose bengal (C.I. 45440,

Hopkin and Williams, Chadwell Heath, Essex, England) in
PBS (100 µl/well)

for 3 min at room temperature.

Excess

dye was thrown off and the microplates washed twice by
immersion in a PBS bath at room temperature.

After a

brief draining of the tray face downwards, stain was
released from intact cells by the addition of 200 µl/well
of 50% ethanol in PBS.

Following dispersion of the dye

in each well with a multichannel pipette, dye uptake by
cells was measured by absorbance (O.D.) at 570 nm using
a Dynatech microplate reader model MR600

(Dynatech Labs.,

Inc. Alexandria, VA., U.S.A.) with the reference
wavelength

set at 630 nm.

For each traYt the machine was

blanked against a well that contained medium alone and
was treated with dye.
The O.D. values obtained from the microplate reader
repr~sented the amount of dye taken up by both macrophages
and lymphocytes in each well.

The number of lymphocytes

bound per well (x 10 5 ) was calculated according to the
T-C
formula~' where T

= mean O.D. of wells containing

macrophages and lymphocytes, C = mean O.D. of wells
containing macrophages and X

= O.D. of 10 5 lymphocytes

(usually 0.20-0.25 O.D. units).

The X value was

determined for each experiment as follows:
dilutions (100 µl)

Serial

of lymphocytes (initial concentration

5 x 10 6 /ml) were aliquoted into the wells of a 96-well,
V-bottomed tray, pelletetj by centrifugation at 300 g for
2 min and the medium thrown off.

Pellets were resuspended

in 50 µl/well of 0.25 % rose bengal, left for 3 min at
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room temperature and, after addition of 100 µl/well
of PBS, were again sedimented by centrifugation.

Excess

dye was removed by washing the cells twice more with
200 µl/well of PBS before releasing bound dye with 50 %
ethanol/PBS and reading O.D. 'sin the microplate reader.
In some experiments, the ability of sugars, pronase
treated cell lysates and pharmacological agents to
inhibit the lymphocyte-macrophage interaction was
determined.

In these experiments 10 µ l of xlO

concentrated inhibitor in PBS was added to each well of
preformed macrophage monolayers containing 100 µ l of
FlS/1 % FCS/HEPES.

The sugars or

pharmacological agents were left to incubate with the
macrophages for 30 min at 37°C before addition of
3 x 10

5

lymphocytes / well in 100 µ l of medium and a

further 10 µl of xlO inhibitor.

In the inhibition of

the lymphocyte-macrophage interaction with pronase treate d
lysates, lysates were serially diluted in PBS/0 .1 % BS A
and coincubated with lymphocytes (3 x 10 5/wel l) at room
temperature for 30 min before addition to the macrophage
monolayers.

The rose ben gal binding assay was then

carried out at 37°C as described above.
All inhibition results were normalised against an
untreated control and expressed as:
% control-O.D . (lymphocy t es +macrophages) - O. D. macrophages with inhibito r
O.D. control Qymphocytes +mac rophages) - O. D. control macrophages

In other experiments, lymphocytes and macrophages were
Preincubated with kappa-carrageenan before mixing.

Lymphocytes

6
5
at 3 x 10 /ml and preformed macrophage monolayers (10 / well)
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were preincubated with 50 µg/ml of kappa-carrageenan in
Fl5/HEPES for 30 min at 37°C.

To remove excess sugars,

lymphocytes were washed twice by centrifugation in
medium (F15/1 % FCS), whereas for the macrophage
monolayers, the sugar solutions were thrown off, and
the monolayers washed thrice with 200 µl/well of
Fl5/1% FCS added with a multichannel pipette.

All cells

were placed in Fl5/1% FCS/HEPES medium for use in the
rose bengal binding assay.
2.5

Rosetting and rosette-inhibition assays
The standard rosette assay described by Parish and

McKenzie (1978) was used to detect cell surface
alloantigens.

Thy-1 antigen was assayed with a monoclonal

anti-Thy 1.2 antibody (clon e 30Hl2), and H-2 antigen
expression was assessed by a monoclonal anti-KdDd
antibody (clon e Do 4 .2; gift from Dr I.A.F. McKenzie ,
Department of Pathology, University of Melbourne).
A modification of this assay was used to detect
receptors for sulphated polysaccharides on the surface
of lymphocytes (Parish and Snowden, 1985).

The

procedure was as follows: Polysaccharides were first coupled
to SRBC via chromic chloride (CrCl3), the stock CrCl3
solution was prepared as previously described (Parish and
McKenzie, 1978). To 0.9 ml of 0.15M NaCl was added 50 µl
of packed SRBC and 0.4 mg of polysaccharide dissolved in
0.15M NaCl.

After mixing, 0.1 ml of 0.1 % CrCl3 in 0.15M

NaCl was added with constant shaking.

The mixture was

left to react at room temperature for 5 min and then the
reaction was stopped by the addition of 5.0 ml of PBS.
The coupled SRBC were pelleted by centrifugation (400g,
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5 min, 20°C) and washed with 5 .0 ml of PBS. The final
SRBC pellet was resuspended in 5.0 ml PBS/0.1 % BSA/0.1 %
NaN3 and stored at 4°C.

Coupled SRBC were used up to

seven days after coupling.

Under these conditions,

overcoupling (i.e. red cell agglutination) was observed
with pentosan polysulphate and the carrageenans.
Therefore, 0.03 ml and 0.08 ml of 0.1 % CrCl3 was used to
couple these polysaccharides, respectively.

Finally ,

for optimum coupling, polysaccharide stock solutions were
placed in a boiling water bath for 1 min before use.
The rosetting of lymphocytes, and other cells with
polysaccharide coupled SRBC was carried out in 96-well,
round-bottomed microplates (Linbro Chemical Co., New
Haven, Conn., U.S.A.).

To 25 µ l/well of cells (4 x 10 6 ;

ml of lymphocytes, macropha ges, monocytes and
polymorphonuclear leukocytes
cell tines)

and 2 x 10 6 cells / ml of

in ice cold PBS/0.1 % BSA was added 25 µ l / well

of 1 % (v / v ) polysaccharide coupled SRBC in the same medium.
The cells were mixed by shaking of the microplates and
pelleted by centrifugation at 200 g for 1 min at 4°C .

The

cell pellets were then incubated on ice for at least 30 min
before being gently resuspended with a short pasteur
pipette.

Methyl violet staining solution, 0 . 05 % (w/ v ) in

PBS, was prepared immediately prior to use by dilution of
a stock solution of 1 % ( w/ v ) methyl violet in doubledistilled water.

Then 50 µl of the staining solution was

added to each well.

Each sample was transferred to a

haemocytometer chamber and the percentage of rosetteforming cells assessed, usually 100-200 nucleated cells

91
being scanned.
SRBC

Any cell that bound four or more

was classified as a rosette.
Rosetting peritoneal exudate cells were prepared

for light microscopy and photography as follows:

cell

pellets were resuspended in the wells of a microplate and
10 µl of the cell suspension mixed with 100 µl of PBS/10 %
BSA.

The mixture was then transferred to the sample

chamber of a cytocentrifuge (Shandon, Runcorn, Cheshire,
England) and spun onto an ethanol cleaned glass microscope
slide fitted with a filter card,at 200 g for 3 min at
20°C.

After air drying,the slide was stained with

Harleco's Diff-Quik stain (American Hospital Supply
Corp., Australia Pty. Ltd., Epping, N.S.W., Australia) as
described by the manufacturers and mounted in Histoclad
(Clay Adams, Pansippany, N. J ., U.S.A.). The staining procedure
also allowed for the identification of different cell
types- within the peritoneal exudate cell population .
The rosette-inhibition assay consisted of
6
preincubating 25 µl of thymocytes (4 x 10 /ml) with
25 µl of inhibitor · for 30 min on ice before the addition
of 25 µl of 1 % polysacchar~de coupled SRBC, all reactants
being in PBS/0.1 % BSA.

Cells were mixed and then pelleted

by centrifugation and left on ice for 30 min before being
gently resuspended.

50 µl of 0.05 % (w/ v ) methyl violet

in PBS was added to each well and each sample was then
transferred to a haemocytometer chamber and the percentage
of rosette-forming cells assessed.
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2.6

Haemagglutination (HA) and HA-inhibition ass a ys
The ability of lymphocyte lysates to haemagglutinate

kappa-carrageenan coupled SRBC was

examined

in 96 well,

round-bottomed acrylic microplates (Linbro, cat. no.
76-364-05, Flow Labs., McLean, VA., U.S.A.) as previously
described by Parish et al .~

(1984).

A sample 25 µl) of

lymphocyte lysate was serially diluted using PBS/0.1 %
BSA as diluent, 25 µ l of 1 % (v / v ) kappa-carrageenanSRBC made up in the same diluent was then added to
each well, and HA allowed to take place at 4°C.Haemagglutination
titres were recorded at least 3 hours later.
In the HA-inhibition exp e riments, 25 µl of
inhibitor (at the stated concentration) was added to
each well of a microplate containing dilutions of
lymphocyte lysate (25 µ l).

The mixture was incubated

on ice for 60 min, then 25 µl of a 1 % (v/v )sus p ension
of kappa-carrageenan coupled SRBC was add e d to each
well and the HA titres were assessed 3 hours l a t e r.
2.7

Capping of surface immunoglobulin of B lymphocytes

Spleen cellSwere made to a concentration o f 2 x 10
The
cells/ml in ice cold Fl5/HEPES.A fluoresc e in-conjugated
IgG fraction of sheep a nti-mouse Ig (0.7 mg/ml)
(Selinus Labs., Pty. Ltd., Australia) was
coincubated with the spleen cells for 30 min on ice.
Following this, the cells were washed three times and
made up to 2 x 10 6 cells/ml in ice cold medium and the
fluorescent cells viewed under a fluorescence microscope

7
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(Olympus Optical Co. Ltd., Tokyo, Japan)
filters for fluorescein staining.

fitted with

Approximately 50 %

of the splenocytes were labelled.
50 µl of these labelled cells were then incubated
at 37°C for 30 min (in the presence or absence of
inhibitors)

and scored for capping by the standard

technique described by Schreiner et al.

( 19 76) .

2. 8 Ni trobenzooxadiazole -phallacidin (NBD-phallacidin)
labelling of normal rat fibroblast for F-actin
Nitrobenzooxadiazole-phallacidin (NBD-phallacidin)
of F-actin was performed as described by the manufacturers
(Molecular Probes, Inc., Oregon, U.S.A.).

2 x 10 4 secondary or

tertiary rat embryo fibroblasts were added to each well of a
24 well, flat-bottomed, . tissue culture tray (Flow
Labs. Inc., Connecticut, U.S.A.)
in 5 mls of

for 40 hours at 37°C

Autopow /10 % FCS to form monolayers on

ethanol-washed, 12 mm diameter glass cover slips (Assistant,
Germany).

Inhibitors were then added and cells incubated

for a further 90 min at 37°C.

The monolayers were then

washed in PBS/0.2 % NaN3 and fixed in 2% glutaraldehyde/
PBS/0.2 % NaN3 for 20 min at room temperature.

The fixed

monolayers were washed thoroughly in PBS / 0.2 % NaN3,
placed in a solution of -20°C acetone and then air-dried.
The monolayers were then stained with NBD-phallacidin
(165 ng/ml)

and the coverslips mounted in 20 % glycerol/

PBS/0.2 % NaN3.

Cells were viewed through a fluorescence

microscope at an excitation wavelength of 450-4 70
an emission wavelength of 510-650 nm.

nm and
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2.9

Fibroblast-fibronectin assay
Fibronectin was kindly supplied by Dr P. Badenoch-

Jones of the Department of Experimental Pathology, JCSMR.
96-well, round-bottomed, trays (Flow Labs., Inc., McLean,
VA., U.S.A.) were preincubated with 0.2 µg/well of
fibronectin at 37°C for 2 hours and then the excess
fibronectin thrown off and the trays washed twice in
PBS.

L929 cells were prepared in Fl5/HEPES and

5 x 10

4

cells were added to each of the fibronectin-

coated wells and left to adhere for 40 min at 37°C
in the presence or absence of inhibitors.

Non-adherent

cells were then thrown off and the adherent L929 cells
stained with 0.25 % (v/ v ) rose bengal as described in
Section 2.4.

Dye released from adherent cells with

50 % ethanol/PBS was read by the microplate reader
(Dynatech Labs., Inc, Alexandria, VA., U.S. A .).

The

number - of cells adhering was directly proportional
to the O.D. obtained.

Results were expressed as

percentage of treated cells binding compared with
the control of untreated cells.
2.10

Sponge cell aggregation assay
Cell suspensions from the sponge, Ophlistaspongia

t en u i s , were made up to 2 x 10 6 cells/ml in

ca++/ Mg++-free

seawater in the presence or absence of 1 mM calcium.
90 µl of the cell suspension were added to each
Well of a 96-well, flat-bottomed microtitre tray
(Intermed., Denmark) with 10 µl of artificial seawater
or inhibitor.

The trays were then placed on a platform

rocker (Bellco Glass, Inc.,

N.J., -U.S.A.)

for at

least 2 hours at room temperature to allow aggregates to
form.

These aggregates were viewed through a binocular
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microscope (Leitz, Germany) at x50 magnification and the
number of aggregates counted in a defined area using an
eye-piece graticule.
2.11

Assay for quantifying ability of macrophages to bind

and phagocytose polysaccharide coupled SRBC
Polysaccharides were coupled to SRBC as described in
Section 2.5 and SRBC were sensitized with rabbit anti-SRBC
antibody by incubating the cells with a subagglutinating
concentration of antiserum for 30 min on ice and then washing
off unbound antibody (400 g, 5 min, 4°C). To quantify the
binding of polysaccharide coupled and/or antibody sensitized
SRBC to macrophages, the following procedure was adopted.
Macrophage monolayers were prepared in the wells of 96-well,
round-bottomed tissue culture microplates(Flow Labs., Inc.,
McLean, VA, U.S.A.) by adding 100 µl/well of a suspension of
macrophages (2 x 10 6 /ml)

in Fl5/1 % FCS/HEPES. The microplates

were incubated for 3 hours at 37°C in a sealed container.
Non -adherent cells were then flicked off, 100 µ l of 0.5 %
SRBC in Fl5/0.1 % BSA added to each well and the cells left
to co-incubate for 90 min at 37°C.
The non-adherent SRBC were then thrown off and the
plates washed twice in a PBS bath at room temperature.
After a brief draining of the tray, the adhered SRBC
were lysed in distilled water.

The haemoglobin released

by the adherent SRBC was quantified by absorbance at

410 nm using a microplate reader (Dynatech Labs., Inc.,
Alexandria, VA., U.S.A.), wells containing only macrophages
acting as a blank. Based on haemoglobin absorbance, the
number of SRBC bound per well and per macrophage could
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be calculated (assumi ng all macrophages in each well adhered) ,
the O.D . of a fixed number of lysed SRBC being determined
previously , i.e. 5 . 8 x 10

7

SRBC = 1 O. D. unit.

To determine the ability of macrophages to phagocytose
polysaccharide coupled and/or antibody-sensiti2ed SRBC,
the following procedure was used.

2 x 10 6 macrophages in

1.0 ml were added to each well of a 24 well, flat-bottomed,
tissue culture tray (Flow Labs ., VA., U.S . A .) to
form monolayers on ethanol washed, 12 mm diameter coverslips (Assistant, Germany).

Macrophages were incubated

for 2 hours in FlS/1 % FCS/HEPES at 37°C, then the nonadherent cells aspirated off and the monolayers washed
twice by addition of 2-3 mls PBS and then aspirating
off the PBS .

1 . 0 ml of 0.5 % SRBC in Fl5/HEPES was added

to each well and the cells left to interact for 2 hours
at 37°C, then 100 µl of FCS was added to

each well and

the cells left to incubate at 37°C for a further 3 hours .
The monolayers were washed twice in PBS and the
surface bound SRBC lysed in 20 % isotonic PBS.

The

mixture was brought to isotonicity with xlO concentrated
PBS and the monolayers washed again in PBS.

The macrophages

were visualized under a light microscope (magnification x40)
(Olympus, Japan) and the percentage of macrophages with
internalised SRBC determined.
2.12 ~?say for quantifying ability of macrophages to
endocytose polysaccharides
Fluorescein conjugated polysaccharides were prepared
as described in Section 2 . 2.1 whilst macrophage monolayers
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were formed in microplates as described in Section 2.11.
The adherent macrophages were incubated with 200 µg/well
of fluorescein conjugated polysaccharides in 100 µl of
Fl5/1% FCS/HEPES for 4 hours at 37°C.

The monolayers were

then washed to remove the excess polysaccharide by dunking
the microplates twice in a PBS bath and the cells lysed with
100 µl/well of 50 mM sodium chelate for 20 min on ice.
The supernatants were then transferred to white, flatbottomed, 96 well trays with low background fluorescence
(Mll9W Microfluor W Plates, Dynatech Lab,s., Ltd.~
Sussex, U.K.) and the fluorescent-intensity read on a
Microfluor microplate reader, Model AM140
Labs., Ltd., Sussex, U.K.)

(Dynatech

fitted with excitation ·

and emission filters for fluorescein.
The amount of polysaccharide endocytosed (i . e . µg/
well or µg/2 x 10

5

macrophages) could be calculated from

the fluorescence intensity unit (FIU) values obtained
(FIU exptl)
2 .13

.
FIU exptl
using the formula: FIU/ µ go f po 1 ysacc h ar1'd e

Concanavalin A (Con-A)

responsiveness of thymocytes

cultured on macrophage monolayers
7 x 10 6 BALB/c macrophage in 10 mls Fl5 / HEPES / 1 % FCS
were allowed to adhere on 75 cm 2 sterile tissue culture flasks
(C orning Glassware, N.Y., U.S.A.) for 2 hours at 37°C.
7
The non-adherent cells were then poured off,
7 x 10
BALB/c thymocytes were added and the cells coincubated
for

1.5 hours.

Then the non-adherent thymocytes were

poured off and the monolayers washed twice with warm
Fl5.

10 mls of fresh medium (Fl5/HEPES/5 % FCS) were

added to the monolayers and they were left to incubate
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at 37°C for a further 12 hours.

The monolayers were

th·en swirled gently and the non-adherent cells,
approximately 1-3 x 10

7

viable cells/flask, coll e cted.

Control thymocytes were cultured in 75 cm 2 tissue
culture flasks lacking a macrophage monolay er for
13.5 hours and approximately 2- 4 x 10 7 vi a ble cells/
flask were recovered.

In order to account for

cells detached from the macrophage monolayer
affecting the Con-A proliferation assay, a second
control was included in which the macrophage
monolayers alone were treated as described above.
Any cells collected from the macrophage monolayers
( <5 x 10

5

cells/flask) were added to the thymocyte

control and the cells tested in the Con-A proliferation
rnicroassay as follows:

100 µl / well of thymocytes

were incubated with 50 µl/well o f Con-A (3.3 µg / ml)
-4
in Fl5/5 % FCS/5 x 10 M2-merc a pthoethanol ( 2- ME)

for 72 hours at 37°C in 96 well, flat-botto me d
tissue culture microplates.

1~2~ci

of

3

H-methyl

thymidine (Amersham, specific activity 5 Ci / mMol)
in 50 µl of PBS was added to each well and th e
cultures incubated a furth e r 5 hours.

Cells were

harvested on to glass fibre filter paper discs
(Whatman, Grade GF/A, England) using a Titertek
cell harvester (Skatron A.S. for Flow Labs.,
Norway) and the amount of

3

H-thymidine incorporated

into the cells was determined by placing the dried
discs in scintillation fluid and counting on a
Packard liquid scintillation spectrophotometer.

6

(5 x lO / ml)
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2.14

Generation of primary, alloreactive lymohocytes

. One-way mixed lymphocyte r e actions (MLR), utilising
spleen cell responders and

60

co -irradiated

(2000 rads)

spleen cell stimulators were set up in 75 cm 2 tissue
culture flasks

(Falcon Plastics, Becton Dickinson and

Co., Oxnard, CA., U.S.A.).

Usually 2.5 x 10 7

stimulator cells were cultured with 10 8 responder
cells in Fl5/10 % heat inactivated FCS/5 x 10- 4 2-ME
at 37°C for 5 days.

Cells were then collected and

the viable alloreactive cells harvested following
centrifugation on a cushion of Isopaque/Ficoll
(Davidson and Parish, 1975).

CHAPTER 3

QUANTIFICATION OF THE NON-IMMUNE LYMPHOCYTE-MACROPHAGE
INTERACTION BY AN AUTOMATED COLORIMETRIC ASSAY
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3.1 Introduction
Macrophages have been shown to be very important for
the generation of many immune functions in vitro , such as
T lymphocyte activation by alloantigens, soluble antigens
and mitogens, as well as activation of B lymphocytes. The
mechanism by which macrophages function in these
interactions is not well understood.

Numerous observations,

both in vivo and in vitro , in a number of animal species,
have demonstrated a spontaneous, antigen independent,
lymphocyte-macrophage interaction (Siegel, 1969, 1970;
Lipsky and Rosenthal, 1973, 1975a; Lopez et al ., 1974, 1977;
Fan et al ., 1978; Kyewski et al ., 1982; Wu and Thomas, 1983).
The possibility that this interaction may mediate the
initial physical association between lymphocytes and
macrophages was postulated by Lipsky and Rosenthal (1973,
l975a,b).
However, studies of this interaction have been hampered
by the slow, tedious and subjective microscopic assay used.
The procedure entails forming macrophage monolayers on
microscope slides, adding lymphocytes and after lymphocyte
adhesion washing, fixing and staining the slides. Lymphocyte
binding is then assessed under the light microscope.

The

procedure has the additional disadvantage that the vigorous
washing procedures used tend to dissociate the less avid
interactions.
To overcome these problems, an automated, colorimetric
assay based on the dye

rose bengal, was developed to

quantify this interaction.

This chapter will provide a

description of the basic parameters of the lymphocytemacrophage interaction as defined by the rose bengal binding
assay.
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3.2 Results
3.2.1

Colo r i metric assay for quanti f ying lymphocyte -

mac r op h age i nte r action
An automated colorimetric assay was developed for
rapidly measuring the spontaneous interaction of lymphocytes
with macrophages (see Section 2.4).
the ability of the dye

The assay was based on

rose bengal, to rapidly and strongly

stain lymphocytes bound to p reformed macrophage monolayers
in the wells of microplates.

Dye uptake and the consequent

number of lymphocytes bound was quantified using an
automated spectrophotometer developed for reading
microplates.
Although macrophages also stained with rose bengal,
the assay was sufficiently sensitive and reproducible to
detect the binding of comparatively small numbers o f
lymphocytes, i.e., change s o f 0.1 O.D. unit or a pp r o ximately
4

Sx lO - lymphocytes bound. Furthermore, stainin g of the
macrop hages allowed for a continual check of the stability
of the monolayers, a particularly important point when
metabolic inhibitors were being used.
In order to maximize the sensitivity of the assay,
the optimum concentration of macrophages required to form
a monolayer that bound the maximum number of lymphocytes
was determined.

Different concentrations of thioglycollate-

elicitedmacrophageswere incubated overnight in the wells
of 96-well, round-bottomed microplates, unbound cells were
washed off and a constant concentration of thymocytes
added to each well.

Figure 3.1 presents the results of

Fig. 3.1 Ability of BALB/c thioglycollate-elicited
macrophage monolayer~ formed from varying numbers
of macrophages/to bind a constant number of syngeneic
thymocytes (3xl05/well). Varying numbers of macrophages
(0.0625 - 2.0xlOS macrophages/well) were incubated
overnight at 37°C to allow for the formation of
monolayers.
Thymocytes were then allowed to adhere
for 90 min at 37°C, to these preformed monolayers
and the thymocytes adhering quantified by the rose
bengal binding assay.
Results are expressed as
percentage of thymocytes bound.
The vertical bars
represent the standard error of means of three
determinations.
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such an experiment.

The maximum binding of thymocytes

was observed with monolayers formed from 0.25 macrophages/well.

2.0xlo 5

Based on this result, all subsequent

experiments were performed with l.Oxlo 5 macrophages / well.
In the next series of experiments, the ability of different
numbers of thymocytes to bind to the macrophage monolayers
was determined.

Figure 3.2 shows the results of a typical

binding experiment.

The data are presented as either 0.D.

values or transformed into the number and percentage of
thymocytes bound.

The results reveal an almost linear

relationship between the number of thymocytes bound and the
number of thymocytes added per well, suggesting that
macrophages were not limiting the interaction.
thymocytes bound confirmed this point.

The percent

However, subsequent

experiments revealed that greater than 5xl0 5 thymocytes/ well
resulted in crowding effects and a rapid decline in the
prop~rtion of bound cells (data not shown).
The specificity of the interaction was clearl y evid e nt
from the inability of _thymocytes to bind to plastic.

Such

a control was included in all experiments and when nonspecific binding to plastic exceeded 10 %, the experiment
was discarded.
Finally, the data in Figure 3.2 indicate that the
percentage of thymocytes bound at 20°C (approx. 80 %) was
consistently higher than at 37°C (approx. 60 %).

The

temperature dependence of the interaction is considered
in more detail in Section 3.2.2.

Fig. 3.2 Binding of varying numbers of BALB/c
thymocytes to syngeneic thioglycollate - elicited
macrophages (105/well). Varying numbers of
viable thymocytes were added to 24-hr macrophage
monolayers and incubated for 90 min at either 20°C
(left hand graph) or 37°C (right hand graph). Data
are expressed as O.D. 's ( •), number of thymocytes
bound ( •) and percentage of thymocytes bound ( •).
A control of non-specific binding of thymocytes to
plastic is shown ( o). The vertical bars represent
the standard error of means of three determinations .
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3.2.1.l

Important assay variables

At this point four important assay variables should
be highlighted.

(a) The type of plastic microplate used

to form the macrophage monolayers was found to be of
critical importance.
obtained when

The most stable monolayers were

96-well, round-bottomed polystyrene tissue

culture trays (cat. no. 76-013-05)
were used.

from Flow Laboratories

However, even different batches of trays from

this manufacturer varied somewhat in their adherence
properties.

(b) All experiments were carried out in tissue

culture medium buffered with HEPES rather than sodium
bicarbonate.

Preliminary experiments established that HEPES

buffering eliminated the edge effect observed in some
microplates where macrophages an9 lymphocytes adhered less
effectively to the outermost wells.

Such edge effects

have been observed previously in ELISA assays using plastic
micr oplates (Denmark and Chessum, 1978; Burt et al .~ 1979)
(c) Additional experiments also demonstrated that more
stable macrophage monolayers were obtained when they were
incubated overnight before use.

(d) Finally, the non-

specific binding of lymphocytes (particularly splenic B
cells) to plastic posed a problem but was overcome by
forming macrophage monolayers in the presence of 10 %
heat denatured FCS.
3.2.2

Temperature dependence and kinetics of the lymphocyte -

macrophage interaction

Figure 3.3 depicts the effect of temperature on the
kinetics of the lymphocyte-macrophage interaction, as
determined by the automated colorimetric assay.

In these

Fig. 3 . 3 Kinetics of the interaction between BALB/c
lymphocytes and syngeneic macrophages.
Viable
thymocytes ( o) or splenocytes ( •) at 3xl05/well
were incubated with macrophage monolayers at either
20°C or 37°C. Results are expressed as percentage
cells bound. The vertical bars represent the
standard error of means of three determinations .
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experiments, macrophage monolayers were preformed
overnight at 37°C, fresh medium added and the monolayers
allowed to equilibrate at the experimental temperatures
for 30 min before addition of the lymphocytes.
As observed in Figure 3.2, increasingly more
thymocytes bound to macrophages at 20°C than at 37°c
after the first hour of coincubation and by 4 hours at
37°C virtually all thymocytes had detached from the
monolayer.

This contrasted with the kinetics observed

at 20°C, suggesting that the interaction observed involved
both a binding and release of cells.

It must be noted,

however, that the maximum percentage of cells bound and
the net rate of release of thymocytes varied somewhat
from experiment to experiment, although little variation
was observed within each experiment.
Spleen cells gave a different pattern of interaction
compared to thymocytes, with a lower percentage of cells
binding, the interaction being slower and there being
little or no difference between binding at 20°C and 37°C.
In addition, unlike thymocytes, there was no net
dissociation of spleen cells from the macrophage monolayer
after 4 hours incubation at 37°C.
On the basis of these results, to optimize lymphocyte
binding,it was decided to coincubate macrophages and
lymphocytes for 90 min in all subsequent experiments.
3.2.3

Natu r e o f cell s pa r ticipating ~n lymphocyte -

ma crophage inte r action

Lymphocytes from primary (thymus, bone marrow)
secondary (spleen, lymph nodes)

lymphoid organs were

and
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tested for their ability to bind to macrophages (Table
3.1). It was found that lymphocytes from all lymphoid
organs could bind to macrophages, but thymus had a
consistently higher percentage of binding cells
(maximum of 88 %),

compared with other lymphoid

populations (38 - 63%).

Furthermore, when the thymus

was separated into subsets by PNA rosetting and
hydrocortisone acetate treatment, it was shown that all
subsets bound to macrophages, although hydrocortisoneresistant subsets bound at a somewhat lower efficiency.
It is possible, however, to ascribe this difference to
the non-specific effect of hydrocortisone on the
thymocytes.
A proportion of both T and B cells separated from
spleen by Ig rosetting, nylon wool passage and anti-Thy1.2 antibody and complement treatment were capable of
binding to macrophages, although the B cell populations
showed a slightly higher percentage of binding cells
than the T cell preparations when the experiment was
performed at 37°C.

Another feature of Table 3.1 is that

all spleen cell populations bound to macrophages equally
well at 20°C and 37°C, whereas thymus, l ymph node and
bone marrow cells bound less at 37°C.
Next, a variety of cell lines were tested for their
ability to participate in the interaction (Table 3.2).
It was found that all four different thymoma lines

bound

to macrophages, although their reactivity varied somewha~
EL-4being the most reactive ( 72 % bound)
least ( 57 %).

and BW5147 the

The Rl (TL-) cell line, which was reported

Table 3.1:

Comparison of binding capacity of different
lymphocyte populations to syngeneic
macrophages

BALB/c
Lymphocytes

Lymphocytes bound ( %)
4°c

20°c

37°c

32 + 4

88 + 6

62 + 5

hydrocortisoneresistant

N.D.

63 + 6

so -+ 5

PNA-

N.D.

72 + 4

PNA+

59 + 7
-

N.D.

75 + 2

60 + 9

24 + 1

45 + -4

49 + 6

nylon wool
non-adherent

N.D .

35 + l

37 + 2

Ig-negati ve

N.D.

45 + 6

37 + 3

lg-positive

N. D.

46 + 6

44 + 5

Thy-1.2 negative

N.D.

47 + 9

33 + 1

21 + 4

6 3 + 12

4 3 + 10

Thymus
unfractionated

Spleen
unfractionated

Lymph node

Bone marrow

22

.±

2

55

± 10

38 + 6

Serial dilutions of lymphocytes (0.63-S.Oxl0 5 /we ll) were
added to 24 hr preformed monolayers of thioglycollateelicite~BALB/c macrophages for 90 min at either 4°C, 20°C
or 37°C.
The results are expressed as the mean percentage
of lymphocytes bound for each titration.

Table 3 . 2 :

Comparison of the ability of different
cell lines to participate in the
lymphocyte-macrophage interaction

Thymocytes
bound ( %)

Cell population
a

EL-4

thymoma cell line

72 +

a

Rl (TL+)

thymoma cell line

69 + 11

a

Rl (TL - )

thymoma cell line

63 + 15

a

BW5147

thymoma cell line

57 +

7

b

Normal resident peritoneal
macrophage

69 +

9

Thioglycollate-elicited
peritoneal macrophage

63 +

9

b

6

b

PU-5-1.8

macrophage cell line

_47 +

3

b

J774

macrophage cell line

54 +

5

b

L929

fibroblast cell line

2 +

1

a

Binding ability of thymoma cell lines was tested
on BALB/c macrophage monolayers

b

Binding ability of adherent cell lines was tested
using BALB/c thymocytes
Serial dilutions of lymphocytes (0.63.-5.0xl0 5 / well)
were added to 24 hr preformed monolayers of
thioglycollate-elicited BALB/c macrophages for
90 min at 37°C. The results are expressed as the
mean percentage of lymphocytes bound for each
titration+ s.e.
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by Hyman and Stallings (1976) to be lacking in both
TL and H-2 antigen expression, showed comparable binding
ability (63 %.
(69 %).

bound) to its Rl (TL+) counterpart

Similarly, it was found that there was no

significant difference in the thymocyte binding capacity
of resident (69 %)
macrophages.
(54 %)

or thioglycollate-elicited (63 %)

Both the macrophage cell lines, J774

and PU-5-1.8 ( 47 %)

could also bind thymocytes,

although at a lower efficiency.

The fibroblast cell

line L929, however, could not bind thymocytes (2 %), suggesting
that only cells of the macrophage lineage could interact
with lymphocytes.
3.2.4

Strain and species specificity of lymphocyte -

macrophage interaction
The ability of thymocytes from eight different mouse
strains to interact with CBA/H macrophages is presented
in Table 3.3.

There was no significant difference in the

percentage of thymocytes bound for all the strains tested ,
suggesting no strain specificity in the interaction.
Next, the species specificity of the interaction was
investigated.

A complex but highly reproducible pattern

of reactivity was observed (Table 3.4).

The most striking

feature of these experiments was the high degree of
cross reactive binding between mouse, rat and guinea pig
cells. There was, however, one clearcut case of species
specificity.

Mouse thymocytes showed a hierarchy of

reactivity with macrophages from the three species,
reacting most strongly with mouse, less effectively with
rat and weakly with guinea pig macrophages.

Table 3.3:

Strain specificity of thymocyte-macrophage
interaction

Strain of origin
of thymocytes

Thymoctyes bound
( %)

CBA/H

73 -+

BALB/c

69

-+ 5

DBA/1

61

-+ 5

DBA/2

- .6 8 +

3

6

SJL/J

73

+

5

A/J

79

+

6

C57Bl/10J

70

+

5

BlO.BR

75

+

6

C3H.OH

65

+

4

Serial dilutions of lymphocy tes (ff : 63 - 5.0xl05 /we-ll)
were added to 24 hr preformed monolayers of
thioglycollate-elicited CBA/H macrophages for
90 min at 37°C. The results are expressed as the
mean percentage of lymphocytes bound for each
titration+ s.e.

Table 3 . 4 :

Species specificity of thymocytemacrophage interaction

Lymphocytes bound ( %)
Mouse
Rat
Guinea pig
macrophages macrophages macro p hage s

Lymphocytes

Mouse

thymocytes

76 + 4

47 -+ 3

Rat

thymocytes

84 + l

48 + l
-

Guinea pig

thymocytes

87 + 5

N.D.

95 +

4

Mouse

splenocytes

49 + 8

47

+ 2

36 +

3

Rat

splenocytes

49 + 5

40 + l

Guinea pig

splenocytes

78 + 5

N.D.

·14. +

l

N. D.

N.D.
48 +

4

Serial dilutions of lymphocy tes · (0.63-5.0 x l0 5 /we ll ) · were
.added to 24 hr preformed monolayers of thioglycollateelicited BALB/c macrophages for 90 min at 37°C.
The
results are expressed as the mean - percentage of lymphocytes
bouDd for each titration+ s . e.
N.D. = not done.
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In contrast, this hierarchy of reactivity was not
observed with mouse spleen cells.

Surprisingly, there

were two cases of lymphocytes binding more strongly to
xenogeneic than isogeneic macrophages, namely rat
thymocytes and guinea pig spleen cells binding to mouse
macrophages.
3.2.5

Ontogeny o f lymphocytes involved in the lymphocyte -

macrophage interaction
To follow the development of lymphocytes capable of
binding to macrophages, lymphocytes from the liver, thymus
and spleen of foetal and newborn mice were assayed
(Table 3.5).

Foetal liver lymphocytes could bind macrophages

as early as day 16 of gestation (37 %) and the
percentage of binding cells remained apparently constant
until birth.

Similarly, foetal thymus contained a high

proportion of binding cells and resembled adult th ymus.

-

In the spleen, however, there was a very low percentage of
binding cells in newborn mice , but the proportion rapidly
increased by day 2, and approached adult level s b y da y 6
after birth.
3.2.6

Functional studies of the thymocyte - macrophage

interaction
Earlier work indicated that immature thymocytes upon
binding to macrophages acquired the surface antigen
phenotype of mature T cells (i.e. changed from low H-2,
high Thy-1 expression as with immature thymocytes to
high H-2,low Thy-1 expression as with mature T cells)
and rapidly gained immunocompetence and responsiveness to
T cell mitogens (Mosier and Pierce, 1972; van den Tweel

Tab le 3 . 5 :

Age
( days)

Comparison of ability of lymphocytes from
foetal and newborn BALB/c mice to participate
in the lymphocyte-macrophage interaction

Lymphocytes bound ( %)
Foetal liver

Thymus

Sp leen

N. D.

N. D.

a

16

37

+ 5

a

18

35

+ 5

70 +

4

N. D.

b

0

43

+

71 +

6

14 + 3

b

2

N. D.

N . D.

38 + 5

b

4

N. D.

N. D.

38 + 4

b

6

N . D.

9

66 +

5

46 + 6

a

Age of foetus calculated from day of appearance of
I pl Ug I •

b

Age of newborn mice calculated from day of birth.

Serial dilutions of lymphocytes (0 . 63 - 5 . 0xl0 5 /well)
were added to 24 hr preformed monolayers of
thioglycollate-elicited BALB / c macrophages for 90
min at 37°C .
The results are expressed as the mean
percentage of lymphocytes bound for each titration
+ s. e .
N. D.

= not done .
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and Walker , 1977; Beller and Unanue, 1978).

Similar

experiments were thus performed,where BALB/c thymocytes
were coincubated with macrophage monolayers for 3 and/or
14 hours and then tested for changes in surface antigen
phenotype using monoclonal anti-Thy-1.2 and anti-H-2KdDd
antibodies as well as responsiveness to the mitogen,
Con-A.
No significant change in Thy-1 . 2 and H-2K d Dd antigen
expression was detected in the thymocyte populations that
had been incubated with the macrophage monolayers as
compared to the control population (Fig. 3.4).

On the

other hand, thymocytes that had been cultured on macropha g e
monolayers showed a significant increase in their
responsiveness to Con-A (Table 3.6).

However, this increase

could be due to contaminating macrophages that had detached
from the macrophage monolayer.
included.

Thus,another control was

Any cells that detached from macrophage monolayers

cultured alone were mixed with thymocytes cultured in the
absen ce of macrophages and the cell mixture tested for
Con-A responsiveness.

Table 3.6 presents the outcome of

such an experiment and demonstrates that contaminating,
detached macrophages were capable of confering mitogen
responsiveness to the non-responsive control thymocytes.
Furthermore, the proliferative response was equivalent to
that observed for thymocytes cultured with macrophages.
Thus, both these experiments support the conclusion
that this interaction, in vitro , does not induce any
detectable functional maturation of thymocytes.

Fig. 3.4 Percentage of BALB/c thymocytes rosetting
with sheep anti-mouse Ig coupled SRBC following
exposure to serial dilutions of monoclonal antiThy 1.2 antibody (clone 30Hl2) and monoclonal
anti-H-2KdDd antibody (clone Do 4.2).
Thymocytes
used in this assay were incubated either for
3 hours on macrophage monolayers ( •) and on plastic
( o ) or 14 hours on macrophage monolayers ( • ) and
on plastic ( o) .
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Table 3 . 6 :

Response of cultured thymocyte populations
to Con-A.

Cell populations
(5xl06/ml)

CPM'

+CON-A
481

92 + 16

Thymocytes cultured on
macrophage monolayers

70580 + 2348

218 + 28

Thymocytes cultured alone
+ dissociated macrophage
monolayer cells

71091 + 3295

242 + 42

Thymocytes cultured alone

4429 +

Unstimulated

,T hymocytes cu-1:t.ured on plasticf or on macroph·a ge
monolayers for 13 . 5 hours before use in the Con - A
proliferation assa~ as described in Section 2 . 13.
The results are expressed as mean counts per minute
(CPM) (fro~ three deterr,1inations) + s . e.
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3.3 Discussion
Although there have been several attempts in the
past to analyse and attach a functional significance
to the non-immune interaction between lymphocytes and
macrophages, these studies have been hampered by the
lack of a fast and objective means of measuring the
interactions.

This chapter describes an automated

colorimetric assay for measuring this interaction and
is based on the ability of the dye

rose bengal, to

stain lymphocytes bound to macrophage monolayers in the
wells of microplates.

Initial experiments using the

colorimetric method to investigate the kinetics,
temperature dependence and percentage of lymphocytes
binding (Table 3.1, Figs. 3.2 and 3.3) gave comparable
results to those previously reported by Sie gel (1969,
1970), Lipsky and Rosenthal (1973, 1975a,b) and
Lopez et al .

(1974, 1977) using a microscopic procedure.

Further experiments (Table 3.3) confirmed previous
reports that this interaction is not strain specific
(Lopez et al ., 1977; O'Toole and Wortis, 1980).
The data presented in Table 3.1 indicate that both
cortical and medullary thymocytes, as well as peripheral
T and B cells (spleen and lymph node)

can bind to

macrophages, although thymus yielded the highest
percentage of binding cells.

Thus, both immature and

mature T cells appear to interact with macrophages,
despite there being earlier reports that mature
T cells, namely cortisone-resistant thymocytes (Lopez et al .,
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1977) and splenic T cells (O'Toole and Wortis, 1980)
cannot bind to macrophages.

However, these reports

contradict work showing that glass or nylon wool
passaged splenocytes (Lopez et al ., 1974) and lymph
node cells (Lipsky and Rosenthal,

1975b) can

interact with macrophages.
Furthermore, a comparison of four thymoma cell
lines (Table 3.2) demonstrated that binding ability did
not correlate with the maturation status of the tumour
cell.

Thus EL-4, which expresses the characteristics

of a mature thymocyte (i.e. low Thy-1 expression and
hydrocortisone resistance) bound macrophages as well as
the BW5147 and Rl lines that exhibit the immature
thymocyte phenotype (Ralph, 1973).
Wu and Thomas (1983)

On the other hand,

recently reported that EL-4 does

not react with macrophages.

A likely explanation for

this discrepancy is that the colorimetric assay described
in this paper does not involve vigorous washing procedures,
whereas the microscopic method used by others entailed
extensive washing and fixation.

Thus, the old procedure

may not detect lower avidity interactions between
lymphocytes and macrophages.
The interaction was also shown to be independent
of H-2 and Tla antigen expression by the thymocytes,
since the Rl (TL-) variant line bound as well as its
parental Rl (TL+) line, and also independent of Ia
expression on the macrophages, since Ia negative
thioglycollate-elicitedmacrophagesand PU-5-1.8 and
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J774 cell lines could bind thymocytes (Table 3.2).
However, the fibroblast cell line L929 could not bind
thymocytes, suggesting a specificity for cells of the
macrophage lineage similar to that reported by Lipsky
and Rosenthal (1973).
The non-involvement of Ia antigens was further
confirmed when polyclonal anti-Ia antisera and
monoclonal anti-Ia.17 did not block the interaction
(data not shown).

However, results obtained by

Agrwal and Thomas (1984)

indicate that thymocyte

binding is, in part, dependent upon macrophage Ia
expression.

The main cause of this discrepancy could

lie in differences in the assay method used, the
binding assay of Agrwal and Thomas (1984) only detecting
the most avid interactions as their procedure employed
a short incubation time (30 min at 37°C), serum-free
medium, fixation of the conjugates and vigorous washing.
Furthermore, in the following chapter, evidence that
this interaction is, in fact, mediated by a lymphocyte
receptor specifically recognizing a sulphated
polysaccharide on the macrophage surface is provided.
On the other hand, it is interesting to note that Sant

e t al.

(1983) recently reported that sulphated

polysaccharides are tightly associated with Ia antigens.
The studies described in this chapter demonstrated
a major difference between thymocytes and spleen cells
in the kinetics of their interaction with macrophages.
Thyrnocytes bound reversibly to the macrophage monolayers
at 37°C, whereas spleen cells appeared to react more

112
slowly and no net dissociation occurred after prolonged
~ulture (Fig. 3.3).

A possible explanation for this

difference is that spleen cells bind irreversibly to
macrophages, although this is unlikely as time lapse
cinematography revealed reversible binding between
splenocytes and macrophages (data not
shown).

A more likely explanation is that spleen cells

can bind and dissociate from macrophages on multiple
occasions, whereas the majority of thymocytes are only
capable of interacting with macrophages on a single
occasion.

Experimental data in favour of this explanation

could be obtained by time lapse cinematography studies.
An important implication of the above discussion
is that the cell binding assay is only measuring the net
association between lymphocytes and macrophages at any
one time point, the interaction representing a dynamic
equrlibrium between binding and release events as
suggested by Lipsky and Rosenthal (1973).

Thus, the

lower percentage of binding cells detected in some
lymphocyte populations could simply reflect reduced
binding avidity and shorter binding time, rather than a
lower proportion of cells being capable of binding to
macrophages.

In fact, the data presented in this chapter

indicate that lymphocytes at all stages of development
can interact with macrophages, ranging from foetal liver
and bone marrow cells to peripheral T and B lymphocytes.
The only exception was newborn spleen cells (Table 3.5),
an interesting point that warrants further investigation.
Analysis of the species specificity of the lymphocyte-
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macrophage interaction revealed substantial cross~eactivity across species barriers (Table 3.4), with
the only clearcut species specificity being the
reaction of mouse thymocytes with different macrophages.
Similar findings have been reported by Seigel (1970)
and Lopez et al.

(1974), although the strong reaction

of guinea pig thymocytes with mouse macrophages was
not demonstrated.

However, strong species specificity

exhibited by mouse thymocytes was not observed in the
splenocyte-macrophage interaction, thus defining another
difference between the thymocyte-macrophage and spleenocytemacrophage interactions.
It has been postulated that the thymocyte-macrophage
interaction results in the functional maturation of
immature thymocytes.

This conclusion was based on the

observation that immature thymocytes that bound to
macrophages lost their ability t'O rebind (Lopez et al .,
1977), became immunocompetent and acquired the surface
antigen phenotype of mature T cells ( Mosi e r and Pierce,
1972; van den Tweel and Walker, 1977; Beller and Unanue,
1978).

However, limit dilution experiments by Chen et al .

(1982) and Ceredig et al.

(1982) showed that thymocytes

with the immature phenotype are unable to mature and
function.

Similarly, thymocytes that were coincubated

with macrophages for 3-14 hr showed no change in their
H-2 and Thy-1 surface antigen expression (Fig. 3.3) nor
their responsiveness to Con-A (Table 3.6).

A possible

explanation for the apparent maturation of thymocytes
during coincubation experiments is that mature thymocytes
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are responsible for the effects, contaminating macrophages
i?creasing the survival and proliferative potential of
these cells (Table 3.6).

Studies by Young (1981)

showing that small numbers of macrophages can substantially
augment the response of thymocytes to Con-A
further support this concept.
An alternative hypothesis for the function of this

interaction in vivo is that all classes of lymphocytes
bind to macrophages in a process which allows lymphocytes
to search the surface of macrophages for antigen.

In the

case of immature lymphocytes,such as the majority of
thymocytes, recognition of antigen results in tolerance
induction and hence loss in ability to rebind to
macrophages.

On the other hand, peripheral

mature

lymphocytes could use the interaction to recognize and
respond to foreign antigens on the macrophage surface as
postulated initially by Lipsky and Rosenthal (1973, 1975a).
3. 4

Summary
Previous studies have demonstrated a spontaneous,

non-immune interaction between lymphocytes and macrophages.
Chapter 3 describes an automated colorimetric assay based
on the dye

rose bengal, to quantify this interaction.

The procedure entails allowing lymphocytes to adhere to
preformed macrophage monolayers in the wells of microplates
and then staining bound lymphocytes with rose bengal.
Dye uptake and the consequent number of lymphocytes bound
was quantified using an automated spectrophotometer
developed for reading microplates.
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This procedure was used to confirm and extend the
basic parameters of the system.

The interaction was

found to be temperature dependent but the kinetics and
percentage of cells binding varied with the source of
lymphocytes.

However, all lymphocyte populations tested,

namely, mature and immature thy mocytes, T and B
lymphocytes and a range of thymoma cell lines, bound to
macrophages.

Furtherfore, all macrophage populations

examined had the ability to bind lymphocytes.

The

interaction also showed no strain specificity and
generally lacked species specificity.

It is proposed

that the interaction is a highly dynamic process that
enables lymphocytes to scan the surface of macrophages
for self and/or foreign antigens.

CHAPTER 4

EVIDENCE THAT THE NON-IMMUNE LYMPHOCYTE-MACROPHAGE
INTERACTION INVOLVES SULPHATED
POLYSACCHARIDE RECOGNITION
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4.1

Introduction
Numerous models have been advanced to explain

the functioning of different molecular species in
cell-cell adhesion (reviewed in Chapter 1).

Yet

cell biologists and cellular immunologists are
still waiting for a general theory of cell-cell
adhesion to emerge, that will arrange all the
experimental data into a logical sequence and
explain the molecular bases of specific, intercellular
adhesions.
The non-immune interaction between lymphocytes
and macrophages represents an interesting in vivo
model of intercellular adhesion that could be used
to analyse the molecular basis of cell adhesion.
In particular , the description in Chapter 3 of an
automated colorimetric assay for measuring the
interaction in vitro , makes the system very
amenable to study.

This chapter describes

experiments that attempt to determine the
molecular basis of the lymphocyte-macrophage
interaction and presents evidence that the system
is dependent upon a lymphocyte lectin specifically
recognizing kappa-carrageenan like molecules
present on the surface of macrophages.
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4.2

Results

Inhibi t i on o f lymphocyte - mac r ophage interaction

4.2.l

by su gars and po l y an io ns
Carbohydrate recognition has been implicated in many
forms of intercellular adhesion (see Section
1.5.2).

To determine whether carbohydrate recognition

is involved in the lymphocyte-macrophage interaction,
thirty five simple sugars (Table 2.1), at a concentration
of 8 mg/ml, were tested for their ability to inhibit the
interaction.

Only six of the sugars tested showed

significant inhibitory activity (Table 4.1).

The most

striking feature of this analysis was that, with the
exception of thiodigalactoside, only charged sugars were
inhibitory.

It should be noted, however, that some

charged sugars were not inhibitory, namely N-acety lneuraminic acid, D-mannosamine, glucose-6-phosphate and
mannose-6-phosphate.

On the other hand, alth ough

thiodigalactoside is usually uncharge d, it carries a
sulphide group which can be o x idized to sul phate, thus
providing a charged group under certain conditions.
Sugar inhibition of another lymphocyte recognition
system, namely autorosetting, showed similar char ge d
monosaccharides to be inhibitory (Sia and Parish, 1981;
Parish et al ., 1984).

Further work in that system

showed that the lymphocytes expressed cell surface
lectins that recognized sulphated polysaccharides on
erythrocytes (Parish et al ., 1984).

Based on these

findings the inhibitory effects of a range of polyanions
were examined (Table 4.2).

Only two of the polysaccharides

1

Table 4.1:

Sugars that inhibited the lymphocytemacrophage interaction

Inhibitory sugar

Thymocyte bound( % control)

Glucosamine (4)

58 + 8

(p

<

0.01)

Glucuronic acid (4)

59 + 7

(p

<

0.005)

Galactosamine (5)

56 + 7

(p

<

0.005)

Galacturonic acid (3)

47 + 7

(p

<

0.005)

Galactose-6-phosphate (3)

72 + 7

(p

<

0.025)

Thiodigalactoside (4)

66 + 6

(p

<

0.001)

Macrophage monolayers were preincubated with sugars
(8 mg/ml) for 30 min at 37°C before addition of 3xlo5
lymphocytes.
Cells were coincubated with sugars
(8 mg/ml) for a further 90 min at 37°C.
The results
are expressed as the mean percentage of untreated
controls (from 3-5 experiments as · indic~ted in
parentheses) + s.e.
The ' p-values ' ~epresent
probability levels by student's t-test that the
differences are statistically significant.

Table 4 . 2 :

Effect of different polyanions on
BALB/c lymphocyte-macrophage
interaction

Poly anions
tested

Concentration (ug/ml) that
reduces lymphocyte-macrophage
interaction by 30 %
Thymus

Spleen

Phosphated
Mannan (yeast)

>1000

>1000

Hyaluronic acid

>1000

>1000

Lipopolysaccharide

>1000

>1000

Poly-L-glutamic acid

>1000

>1000

Pentosan polysulphate

>100

>100

Lambda-carrageenan

>100

>100

1000

1000

Iota-carrageenan

100

100

Kappa-carrageenan

10

1

Chondroitin-4-sulphate

>1000

>1000

Chondroitin-6-sulphate

>1000

>1000

Arteparon

>1000

>1000

1000

1000

Carboxylated

Sulphated

-

Fucoidan

Sulphated and carboxylated

Heparin

Macrophages were preincubated with polyanions (1000-lµg / ml)
for 30 min at 37°C before addition of 3xlo5 lymphocytes.
The cells were then coincubated with sugars (1000-l µg/ ml)
for a further 90 min at 37°C. Number of lymphocytes bound
was quantified by the rose bengal binding assay.
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tested showed strong inhibition of the lymphocyte~acrophage interaction, namely iota-carrageenan and
kappa-carrageenan, the latter polysaccharide being
the most inhibitory.

Fucoidan and heparin exhibited

weak inhibition at high concentrations, i.e. 1 mg/ml.
It should be noted, however, that two of the
polysaccharides, pentosan polysulphate and larnbdacarrageenan, could not be used at concentrations
>0.1 mg/ml due to their inhibition of rose bengal
staining of cells. Figure4.l presents the complete
inhibition curves for the effective polyanion inhibitors,
again highlighting the potency of kappa-carrageenan as
an inhibitor of the BALB/c thymocyte-macrophage interaction.
Similar inhibition results were obtained for both the
thymocyte-macrophage and splenocyte-macrophage interactions
(Table 4.2).

In fact, subsequent experiments revealed no

significant difference in the specificity of inhibition of
the two lymphocyte populations . Furthermore, although
BALB/c cell populations were used for all the experiments
presented in Table4.3,a similar hierarchy of inhibition
was obtained when CBA/H lymphocytes and macrophages were
tested (data not shown).
In order to analyse the inhibition phenomenon further,
preincubation experiments with kappa-carrageenan were
performed.

This involved preincubating each cell type

separately with kappa-carrageenan, washing off excess
polysaccharide, and using the cells in the standard binding
assay.

It was found that lymphocytes preincubated with

kappa-carrageenan could not bind to macrophages (7 % of

Fig. 4.1 Ability of different polyanions to inhibit
the BALB/c thymocyte-macrophage interaction. Inhibitors
are kappa-carrageenan ( • ) , iota -carrageen an ( • ) ,
lambda-carrageenan ( o ) , fucoidan ( .A. ) and heparin ( t::,. ) •
Results are expressed as percentage of control
thymocyte bound.
The vertical lines represent the
standard error of means of three determinations.
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control), whereas macrophages preincubated with kappacarrageenan very effectively bound lymphocytes, and in
fact exhibited slightly augmented binding (116 %
control)

(Table 4.3).

of

Thus, the results of the

preincubation experiment indicate that kappa-carrageenan
exerts its inhibitory effect at the lymphocyte rather
than the macrophage level.
4.2.2

Inv ol v ement o f lymphocyte r eceptors for kappa -

ca rra geenan i n the lymphocyte - macrophage interaction
Recent studies by Parish and Snowden (1984) have
demonstrated that lymphocytes carry cell surface receptors
for kappa-carrageenan.

Thus, the kappa-carrageenan

inhibition (Table 4.2) and preincubation (Table 4.3)
experiments suggest that these lymphocyte receptors may
either mediate the lymphocyte-macrophage interaction or
be closely associated with the recognition molecules
involved in the interaction.

If this were the case,

since only approximately 60 % of mouse spleen cells carry
receptors for kappa-carrageenan (Parish and Snowden,
1984), separation of spleen cells into kappa-carrageenan
binding and non-binding subpopulations should result in
a corresponding enrichment and depletion of lymphocytes
capable of interacting with macrophages.
Mouse spleen cells were separated into kappacarrageenan binding and non-binding populations by
"panning"

cells on kappa-carrageenan coated petri

dishes (see Section 2.3.2).

Hyaluronic acid coated

petri dishes were used as a control as it has been shown
previously that lymphocytes lack receptors for

Table 4.3:

Cell type

Effect of preincubation of thymocytes
and macrophages with kappa-carrageenan
on thymocyte-macrophage interaction

Kappa-carrageenan
50 ug/ml

Macrophage

preincubation a

Thymocyte

preincubation

Macrophage +
thymocyte

preincubation

Macrophage +
thymocyte

.
l yb
continuous

a
a

Thymocyte binding·
( % control)
116 + 5
7 + l
17 + 2
3 + l

a Cells were preincubated ··with kappa-carrageenan . (SO µ g/ ml)
at 37°C for 30 min, then washed free of polysaccharide
before addition of appropriate cells.
b Kappa-carrageenan present throughout experiment.
The results are expressed as the mean percentage of
untreated controls (from· three d e terminations) + s.e.
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hyaluronic acid (Parish and Snowden, 1985).

Using

t~is approach, approximately 60% and 30 % of the added
lymphocytes did not bind to the hyaluronic acid and
kappa-carrageenan coated dishes, respectively, and 30%
of added lymphocytes were subsequently eluted from
the kappa-carrageenan coated dishes.

The yield of

adherent lymphocytes from hyaluronic acid coated plates
was too low to allow testing in the macrophage-binding
assay.

It was found that the kappa-carrageenan non-

binding splenocytes exhibited a greatly reduced ability
to bind to macrophages, whereas the kappa-carrageenan
binding cells (compared with the hyaluronic acid control)
showed a slightly augmented ability to bind to macrophages
(Fig. 4.2).
Previous studies have shown that kappa-carrageenan
receptors can be readily detected on the surface of
lymphocytes by rosetting with kappa-carrageenan coupled
SRBC and, in fact, potent

HA activity for

kappa-carrageenan-SRBC can be detected in detergent
lysates of lymphocytes (Parish and Snowden, 1985).

If

these kappa-carrageenan specific receptors are actually
involved in macrophage recognition, it

is anticipated

that they would be inhibited by a similar array of
polyanions as the lymphocyte-macrophage interaction.
Table 4.4 presents the results of such a comparison.
It was found that, with one exception, all phosphated,
carboxylated and sulphated-carboxylated polyanions that
failed to inhibit the lymphocyte-macrophage interaction
also were non-inhibitory in the rosetting and

Fig. 4.2 Ability of hyaluronic acid depleted ( •),
kappa-carrageenan depleted ( o) and kappa-carrageenan
enriched ( •) BALB/c splenocytes to bind to syngeneic
macrophages. Results are expressed as percentage of
splenocytes bound. The vertical lines represent the
standard error of means of three determinations .
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HA assays.

The exception was arteparon that was

inhibitory at the highest concentration (200 µg/ml)
tested in the HA assay.

Similarly, with one exception ,

the four polyanions that inhibited the lymphocytemacrophage system showed a similar hierarchy of
inhibition in the rosetting and HA assays, namely
kappa-carrageenan

>

iota-carrageenan

heparin (compare Tables 4.2 and 4.4).

>

fucoidan

>

The exception

was again in the HA assay where fucoidan was a stronger
inhibitor than iota-carrageenan.

Finally, another

important similarity was that kappa-carrageenan was
the most potent inhibitor in all three systems although
the rosetting and HA assays were inhibited by 50 and
500 times lower concentrations of kappa-carrageenan,
respectively, than the lymphocyte-macrophage interaction.
Figure 4 .3 depicts the complete inhibition curves for
kappa-carrageenan , comparing the inhibitory activity
of this polysaccharide with the other two carrageenans iota and lambda.
On the other hand, although pentosan polysulphate
and lambda-carrageenan did not inhibit the interaction
between macrophages and lymphocytes at the highest
concentration tested (100 ug/ml, Table 4 .2), both
polysaccharides inhibited the rosetting and HA assays.
This discrepancy could be due to the greater sensitivity
to inhibition of the rosetting and HA assays (see above),
combined with, in most cases, the partial nature of the
inhibitions observed, e.g., note the partial inhibition
by lambda-carrageenan in Figure 4.3.
Collectively these data suggest that kappa-

Table 4 . 4 : Ability of ditferent polyanions to inhibit
~ymocyte rosetting with kappa-carrageenan coupled
SRBC and haemagglutination of kappa-carrageenan
coupled SRBC with thymocyte lysates

Pplyanion
tested

Concentration (ug/ml) that reduces
thymocyte rosetting
by 30 %

haemagglutination
titre by 50 %

Phosphated
Mannan

>200

>200

Hyaluronic acid

>200

>200

Lipopolysaccharide

>200

>200

Poly-L-glutamic
acid

>200

>200

Carboxylated

Sulphated
Pentosan polysulphate

200

0.2 ( p)

Lambda-carrageenan

0.2 ( p)

0.02(p)

Fucoidan
Iota-carrageenan
Kappa-carrageenan

20
2 ( p)
0. 2

0. 2
2
0.02

Sulphated and carboxylated
Chondroitin-4-sulphate

>2 00

>200

Chondroitin-6-sulphate

>200

>200

Arteparon

>200

200

Heparin

p

20

20 ( p)

= partial inhibition at the highest concentration

tested (200 ug/ml) .
The ability of different polyanions to inhibit thymocyte
rosetting with kappa- carrageenan coupled SRBC and
haemagglutination of kappa-carrageenan coupled SRBC with
thymocyte lysates were detected by the assays described
in Section 2 . 5 and 2 . 6 .

Fig. 4.3 Ability of different carrageenans to
inhibit the rosetting by BALB/c thymocytes (A),
and haemagglutinating (HA) activity of detergent
lysates of BALB/c thymocytes (B), for kappacarrageenan coupled SRBC. Carrageenan inhibitors
are kappa ( • ) , lambda ( o ) , iota ( • ) . The
broken lines represent the percentage rosetteforming cells and the HA titres of lymphocyte
lysates in the absence of inhibitors. The
thymocyte lysate for the HA assay was used at an
initial dilution of 1/10.
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carrageenan specific receptors on lymphocytes are
involved in the lymphocyte-macrophage interaction.
It could be argued, however, that these receptors do
not mediate the interaction but are closely associated
with the relevant recognition molecules, the binding of
kappa-carrageenan merely sterically masking these
recognition molecules.

In order to overcome this

criticism, attempts were made to demonstrate a kappacarrageenan like molecule on macrophages.

This was

achieved by exhaustively digesting cholate lysates of
macrophages with pronase, boiling the lysates to
inactivate the enzyme and testing the resulting material
for its ability to inhibit the lymphocyte-macrophage
interaction and the corresponding rosetting and HA
assays.

Controls consisted of thymocyte lysates or

pronase alone treated in a similar manner.

It was found

that only the pronase treated macrophage lysate was
inhibitory, the pronase treated thymocyte lysate and the
pronase control lacking inhibitory activity (Fig. 4.4).
The macrophage lysate inhibited the thymocyte-macrophage
interaction and the thymocyte rosetting of kappacarrageenan coupled SRBC by 30 % at dilutions of 1/8 of
the original material and reduced the HA titre of the
thymocyte lysate by 50 % at a dilution of 1/64.

Similar

specificities of inhibition were obtained in the spleen
cell-macrophage interaction and in the HA of kappacarrageenan coupled SRBC by spleen cell lysates (data
not shown).

Fig. 4.4 Ability of pronase treated lysates to
inhibit the thymocyte-macrophage interaction (A),
rosetting by BALB/c thymocytes (B~ and HA activity
of detergent lysates of BALB/c thymocytes (C)/ for
kappa-carrageenan coupled SRBC. The pronase
treated lysates were from macrophages ( •) and
thymocytes ( • ) . Heat inactivated pronase ( o )
was used as a control.
Results of the thymocytemacrophage interaction are expressed as mean
percentage of control thymocyte bound and the
vertical lines represent the standard error of
means of three determinations.
The broken lines
represent the percentage rosette-forming cells
and the HA titres of lymphocyte lysates in the
absence of inhibitors. The thymocyte lysate
for the HA assay was used at an initial dilution
of 1/ 10.
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4.2.3

Preliminary characterization o f

the lymphocyte

receptors f or kappa-carrageenan

Since the kappa-carrageenan specific receptors
on lymphocytes can be readily detected as a haemagglutinin
in detergent lysates of lymphocytes, this HA activity
could be used to follow the receptor during its
fractionation and characterization.

Thus, when preparing

pronase treated thymocyte lysates for the experiment
depicted in Figure 4.4 it was found that the HA activity
of the lysates was completely destroyed by this treatment.
This result suggested that the kappa-carrageenan receptor
contains a protein component.
In an attempt to estimate the molecular size of the
kappa-carrageenan receptor a freshly prepared cholate
lysate of thymocytes was run on a 10-40 % sucrose gradient
(see Section 2 .·3 . 5) .

This procedure was preferred to gel

filtration on calibrated columns, poor recoveries of HA
activity being obtained in the column fractions. Figure 4. 5
depicts the results of a typical sucrose gradient, HA
activity sedimenting as a distinct peak (fraction 8)
which corresponded to a sedimentation value of 5S.
Another peak of HA activity was detected in fraction 20
near the bottom of the gradient, although this peak did
not appear in all experiments.

A similar S value was

obtained when a dialyzed thymocyte lysate was sedimented
in a detergent free sucrose gradient (data not shown).

Fig. 4.5 Analysis of the kappa-carrageenan
specific haemagglutinin from BALB/c thymocyte
lysa tes on a PBS/2'5rnM cholate-sucrose gradient .
Fraction volumes were 0.25ml and each fraction
was assayed for HA activity against kappacarrageenan coupled SRBC, tube l representing
a 1 / 2 dilution. S - value standards were
haemoglobin (4.1S) and fluoresceinated sheep
I gG (7.1S).
P - corresponds to the pellet at
the bottom of the gradient that was resuspended
in 0.25ml PBS and tested for HA activity.
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4.3

Discussion
This chapter describes attempts to determine the

molecular mechanisms involved in the non-immune
interaction between lymphocytes and macrophages.
Since carbohydrate recognition has been implicated
in many forms of intercellular adhesion (see Section
1.5.2.2), the ability of a range of simple sugars to
inhibit this interaction was tested.

Initial studies

revealed that only six of the thirty five sugars
tested exhibited significant inhibitory activity and
five of the inhibitory sugars were charged (Table 4.1).
Subsequent studies demonstrated that some sulphated
polysaccharides,

notably kappa-carrageenan,

were

potent inhibitors of the interaction (Table 4.2).
This inhibitory activity could not be attributed to
a nQn-specific electrostatic effect of the negatively
charged kappa-carrageenan since other similarly
charged (e.g. hyaluronic acid) or more highly charged
(e.g. chondroitin sulphates) polyanions were noninhibitory (see Table 2.2).

Further evidence for the

highly specific nature of the inhibition is obtained
when the potency of kappa-carrageenan as an inhibitor
is compared to the other two carrageenans, iota and
lambda, which are less inhibitory.

Kappa-carrageenan

is composed of carbohydrate chains of a -(1,3)-linked
units of carrabiose, forming a linear alternating
sequence of D-galactose-4-sulphate
galactose units (see Table 2.2).

and 3,6-anhydro-DIota-carrageenan

differs from kappa-carrageenan only in the extra
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sulphate group per disaccharide it carries, whilst
~ambda-carrageenan carries three sulphate groups per
disaccharide and exhibits a different linkage of the
carbohydrate residues

(Thomson and Fowler, 1981).

Further experiments revealed that the lymphocytemacrophage interaction was indeed mediated by kappacarrageenan specific receptors on lymphocytes that
recognized a kappa-carrageenan-like structure on the
surface of macrophages .

The experimental data favouring

this conclusion was as follows:

(a) Preincubation of

the interacting cells with kappa-carrageenan indicated
that kappa-carrageenan exerted its inhibitory effect on
the lymphocyte rather than the macrophage.

Furthermore,

this experiment ruled out the possibility that kappacarrageenan was inhibitory due to its well known
selective cytotoxicity for macrophages (Catanzaro et al . ~
1971).

(b)

Separation by panning,of splenocytes into

kappa-carrageenan binding and non-binding subpopulations
resulted in a corresponding enrichment and depletion of
lymphocytes that reacted with macrophages respectively .
(~)

Lymphocytes were found to express kappa-carrageenan

reactive molecules, these molecules being detected on the
surface of lymphocytes by rosetting and in detergent
lysates of lymphocytes as potent haemagglutinins of
kappa-carrageenan coupled SRBC.

More importantly, the

polyanion specificity of these kappa-carrageenan specific
receptors/haemagglutinins closely resembled the
specificity of inhibition of the lymphocyte-macrophage
interaction ( compare Tables 4 . 2 and 4.4) .

(d)

Pronase
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re s istant material in macrophage but not lymphocyte
lysates effectively inhibited both the lymphocytemacrophage interaction and the recognition of kappacarrageenan by lymphocytes (Fig . 4.4).

This experiment

suggests that macrophages express a kappa-carrageenanlike structure and overcomes the argument that
inhibition observed with kappa-carrageenan is the
result of steric hindrance caused by the binding of
kappa-carrageenan to molecules closely associated with
the relevant receptors.
Previous work by Parish and Snowden (1985) has
demonstrated the presence of a diverse array of lymphocyte
surface lectins specific for sulphated polysaccharides.
They proposed that these lymphocyte receptors are involved
in cell-cell communication and lymphocyte homing.

The

kappa-carrageenan receptor on lymphocytes could thus
represent one of these lectins,whose function is to
recognize a complementary molecule on macro p hages and
thus mediate the lymphocyte-macrophage interaction .
In fact, preliminary results demonstrating t hat all
these lymphocyte receptors have the same 5S value on a
sucrose gradient as the kappa-carra g eenan specific lectin
( . Fig . 4 . 5;

Dr C.R. Parish , personal communication)

supports this proposition .
Earlier studies by Parish et a Z.

( 19 84) also

identified a unique plasma protein termed autorosette
inhibition factor (AIF)

that had a high affinity for

certain sulphated polysaccharides and was a potent
inhibitor of autorosetting via blocking sulphated
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carbohydrate structures on erythrocytes.

This finding

implied that the AIF molecule could regulate cell-cell
interactions involving sulphated polysaccharide
recognition.

However, when tested in the rose bengal

assay, AIF did not inhibit the lymphocyte-macrophage
interaction (data not shown), suggesting that AIF has
a much more specific regulatory role.
It must be emphasized at this point that kappacarrageenan is a polysaccharide that is derived from the
cell wall of the red-brown alga Eucheuma cottonii , and
therefore a possible murine correlate of this molecule
on the macrophage membrane could be a glycosaminoglycan.
The most likely glycosaminoglycan

to participate in

cell-cell interactions are the heparan sulphates,
principally due to their cell surface expression (Kraemer,
197!) and huge potential for structural diversity
(Dietrich et al ., 1983).

However, until further chemical

characterization of the macrophage derived molecule is
performed, other sulphated macromolecules on the cell
surface, namely sulphated glycoproteins and glycolipids ,
cannot be excluded as possible candidates.
Sulphated polysaccharides have been implicated as
specific acceptors in other systems of intercellular
recognition.

These include sperm-egg adhesion in brown algae

(Bolwell et al ., · 1980) sea urchins (see Section 1.4.3.2.3),
hamsters (Ahuja, 1982) and guinea pigs (Huang and
Yanagamachi, 1984); embryogenesis in Volvox carterii
(Wenzl and Sumper,

1981) and sea urchins (Akasaka and

Terayama, 1984), and specific aggregation of teratocarcinoma
stem cell lines (Grabel ·et al ., 1981).

Finally, in the
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case of lymphocytes,there are reports showing that
sulphated polysaccharides can inhibit lymphocyte
recirculation i n v iv o (Bradfield and Born, 1974), the
binding of lymphocytes to high endothelial venules

in vi t r o (Stoolmanand Rosen, 1983) and lymphocyte
autorosetting (Parish et al .~ 1984).

Thus,

in~reasing

evidence suggests that sulphated polysaccharide
recognition may represent the molecular basis of
intercellular adhesion in many systems.
4.4

Summary
This chapter describes attempts to determine the

molecular basis of the non-immune interaction
lymphocytes and macrophages.

between

Initial studies revealed

that the interaction could be inhibited by simple
sugars, six out of the thirty five tested being
inhibitory.

Furthermore, the majority of the

inhibitory sugars were charged and subseq uent studies
revealed that some sulphated polysaccharides, notably
kappa-carrageenan, were potent inhibitors of the
interaction.

Further experiments reveal e d that the

lymphocyte-macrophage interaction was ind e ed mediated
by kappa-carrageenan specific receptors on lymphocytes.
The results supporting such a conclusion were as
follows:

(a) when the interacting cells were

preincubated with kappa-carrageenan, it was f ound
that kappa-carrageenan exerted its inhibitory
effect at the lymphocyte rather than the macrophage
level;

(b) separation of splenocytes into kappa-

carrageenan binding and non-binding subpopulations
resulted in a corresponding enrichment and depletion
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of lymphocytes that reacted with macrophages;
(cJ

lymphocytes were found to express kappa-carrageenan

reactive molecules, these molecules being detected
on the surface of lymphocytes by rosetting and in
detergent lysates as haemagglutinins.

Furthermore,

the polyanion specificity of these kappa-carrageenan
specific receptors/haemagglutinins closely resembled
the specificity of inhibition of the lymphocytemacrophage interactions;

(d)

pronase resistant

material in macrophage, but not lymphocyte lysates,
effectively inhibited both the lymphocyte-macrophage
interaction and the recognition of kappa-carrageenan
by lymphocytes, suggesting that a kappa-carrageenan
like structure is expressed by macrophages.
Preliminary attempts at chemically characterizing
the k.appa-carrageenan specific receptors/haemagglutinin
of lymphocytes demonstrated that it was a pronase
sensitive molecule that had a 5S sedimentation value
on sucrose gradients.

CHAPTER 5

EVIDENCE FOR THE UBIQUITOUS DISTRIBUTION OF SPECIFIC
CELL SURFACE RECEPTORS FOR SULPHATED POLYSACCHARIDES
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5.1

Introduction
Chapter 4 provided evidence that a kappa-carrageenan

specific receptor on the surface of lymphocytes mediates
the non-immune interaction between lymphocytes and
macrophages.

This observation together with earlier

reports of the ubiquitous cell surface distribution of
sulphated polysaccharides (Kraemer, 1971; Dietrich et a l . J
1977, 1983) and the presence of a diverse array of
sulphated polysaccharide specific receptors on lymphocytes
led Parish and Snowden (1985)

to propose that the

interaction of lymphocytes with other cells and tissues
involves sulphated polysaccharide recognition.

A logical

extension of this concept is that cell types other than
lymphocytes communicate via recognition of sulphated
carbohydrates.
This chapter describes experiments designed to test
this possibility. Initial experiments tested a range of cell
types for the presence of binding sites/receptors for
sulphated polysaccharides. Subsequent experiments attempted to
determine the functional significance of the receptors
for sulphated polysaccharides on macrophages .
5.2
5.2.l

Results

Detection o f receptor s f or sulphated polysaccharides

on a r ange o f cell types and cell line s.
Initially a variety of cell types were tested for the
presence of receptors for sulphated polysaccharides, these
receptors being detected by rosetting the cells with SRBC
coupled with one of 11 test polysaccharides (Table 5.1).

Table 5.1:

Polysaccharide receptor expression on a
range of cell types

%

Polysaccharide
coupled SRBC

SplenicLymphocytes

rosetting cells

Polymorphonuclear
a
leukocytes

Peripheral
Blood
Monocytes

Resident
Peritoneal
Macrophages

Carboxylated
Hyaluronic acid

<l

<5

<5

<5

<5

11

<5

<5

<5
<5
63
71

11
<5
<5
87

<5
<5
20
90

<5
<5
<5
79

<5
75

<5
86

<5
45

<5
92

57
75

82
85

10

94

15
95

92

97

82

100

Carboxylated
and sulphated
Chondroitin-4sulphate
Chondroitin-6sulphate
Dermatan sulphate
Heparin
Arteparon
Sulphated
Keratan sulphate
Fucoidan
Pentosan polysulphate
Mixed-carrageenans
Dextran Sulphate2 .3

a

From 9hr thioglycollate-clici ted peritoneal exudate
cells

The results are expressed as the mean of at least
three determinations.
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An analysis of the rosetting potential of murine {BALB/c)
lymphocytes, blood monocytes, resident peritoneal
macrophages and thioglycollate-elicited peritoneal
polymorphonuclear leukocytes

{PMN)

revealed that few

cells rosetted with the glycosaminoglycans (GAG's)
hyaluronic acid, chondroitin-4-and -6-sulphate,
dermatan sulphate and keratan sulphate.

In contrast,

a substantial proportion of all four cell types reacted
strongly with arteparon, carrageenan and dextran sulphate.
However, the four cell types differed in their reactivity
with heparin, fucoidan and pentosan polysulphate.

Thus,

only lymphocytes reacted strongly with heparin, lymphocytes and
PMN bound pentosan polysulphate and a high proportion
of cell types except peripheral blood monocytes reacted
with fucoidan.
A similar variation in receptor expression was
observed when several cell lines were examined (Table
5.2).

The most striking observation was that unlike the

normal cells tested in Table 5.1, some of the cell lines
expressed cell surface receptors for the GAG's, hyaluronic
acid, chondroitin-4-and -6-sulphate and dermatan sulphate.
This reactivity ranged from the P388Dl macrophage line
that reacted with all four GAG's, to the P815 mastocytoma
that only bound hyaluronic acid.

Furthermore, both

macrophage cell lines examined reacted with all the other
polysaccharides used whereas, the non-lymphoid P815 and
L929 cells exhibited a more limited range of polysaccharide
receptors.

Finally, the two thymoma cell lines tested

varied considerably in their rosetting potential, the

Table 5 . 2:

Polysaccharide receptor expression on a
range of cell lines

% rosetting cells

Polysaccharide
coupled SRBC

Thymoma
Rl (TL+) EL-4

Macrophage
J774 P388Dl

Fibroblast Mastocytomq
L929
P815

Carboxylated
Hyaluronic acid

10

<5

56

60

<5

43

66

<5

86

66

7

9

73
21
99
100

<5
<5
30
<5

63
90
81

69
44
43
34

<5
13
72
20

10
9
69
25

98

<5

56

40

43

18

98
89

<5
84

79
96

23
90

8
85

12
86

98

70

98

95

93

86

Carboxylated
and sulphated
Chondroitin-4sulphate
Chondroitin-6sulphate
Dermatan sulphate
Heparin
Arteparon

11

Sulphated
Fucoidan
Pen to~an polysulphate
Mixed-carrageenans
Dextron-sulphate2.3

The results are expressed as the mean of at least
three determinations
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Rl (TL+ ) cells reacting strongly with a much larger range
of polysaccharides than the EL-4 line.
It is therefore evident that polysaccharide receptors
are present on a large variety of cells, each cell type
bearing a unique array of these receptors.

To test

whether the expression of receptors on a particular cell
type could be modified by various stimuli, the next set
of experiments was

performed .

It has been extensively

reported that activation of macrophages is accompanied
by biochemical , metabolic, morphological and cell surface
changes (Karnovsky and Lazdins , 1978) .

Thus macrophages

harvested from the peritoneal cavity of BALB/c mice pretreated
with thioglycc lla te ( 4, 5 and 6 days previously) and Bacillus

Calmette - Guerin (BCG)

(14 days previousl y ),

were assessed

for their ability to bind polysaccharide coupled SRBC
(Taple 5.3).

The most conspicious change was the

appearance of receptors for the sulphated pol y saccharides
chondroitin-4-and

-6-sulphate , dermatan sul phate, pentosan

polysulphate and heparin on macrophages harvested 4-6
days after an i . p. injection of thioglycollate .

Macrophages

activated by BCG however, did not exhibit such a dramatic
increase in receptor expression, only the pentosan
polysulphate receptor being expressed on a higher percentage
of ECG-activated macrophages (69 %) than the resident , non activated cells (15 %; Table 5 . 3) .
The kinetics of the thioglycollate induced changes in
receptor expression was further investigated .

This study

revealed that thioglycollate induced a rapid increase in
the number of cells in the peritoneal cavity, cell numbers

Table 5.3:

Polysaccharide receptor expression on
resident and inflammatory peritoneal
macrophages

%

Polysaccharide
coupled SRBC

Normal

rosetting macrophages ·
BCG·
activated

Thioglycollate elicited
Day 4 a

Day 5a

Day 6a

<5

<5

<5

<5

70 ± 8

<5

Day 14 a

Carboxylated
Hyaluronic acid

<5

Carboxylated
and sulphated
Chondroitin-4sulphate
<5
Chondroitin-6sulphate
<5
Dermatan s ul phate <5
Heparin
<5
Arteparon
79 ± 1

20 ± 5

68 ± 5

6 ± 2
<5
87 ± 4
93 ± 2

47 ±
13 ±
96 ±
100 ±

5

<5
78 ± 5

4

2
7
1
1

52
31
96
93

±
±
±
±

1
5
4
3

<5
<5
59 ± 9

<5
93 ± 3

6 ± 3
99 ± 4

N.D.

70 ± 1

90 ± 1

87 ± 7

69 ± 3

1

91 ± 2

94 ± 3

100 ± 1

93 ± 2

1

94 ± 1

95 ± 2

91 ± 5

89 ± 2

N.D .

Sulphated
Kera tan sulphate
<5
Fucoidan
92 ±
Pentosan polysulphate
15 ±
Mixedcarrageenans
95 ±
Dextran Sulphate
2.3
100 ±

a

<5

Number of days after intraperi tsmeal injection of .
2.5ml thioglycollate or Sx106 BCG organisms per mouse.
The results are expressed as the mean percentage of
rosetting macrophages (from three determinations) +
s.e.
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being elevated 20 fold within 24 hours of injection and
remaining at a similar level for the next 5 days (Fig.
5.1).

However, the cellular composition of the peritoneal

exudate varied considerably with time, PMN representing
a substantial proportion of the exudate at 24 hours and
macrophages being the predominant cell type on days 2-6
(Fig. 5.1).

Figure 5.2 depicts the kinetics of

appearance of the four polysaccharide receptors that
exhibited the greatest variation in expression.

There

was a dramatic increase in the proportion of macrophages
bearing receptors for heparin (from 6% to 96%) and
pentosan polysulphate (from 10% to 100%) after
thioglycollate injection, although heparin receptors
appeared more rapidly than pentosan polysulphate receptors.
However, the percentage of macrophages bearing receptors
for chondroitin-4-and -6-sulphate fluctuated with time
peaking at days 2 and 5-6 (Fi g . 5.2).
reactivity of thioglycollate-elicited

The change in the
macrophages is

highlighted in Figure 5.3 where cytocentrifuge smears of
macrophage rosetting are depicted.

It can be seen that

resident peritoneal macrophages failed to rosette with
heparin ·coupled SRBC (Fig. 5.3A) whereas day 6
thioglycollate-elicited macro?hages rosetted strongly with
heparin-SRBC (Fig. 5.3C).

Similarly, Figure, 5.3B and

5.3D show the change in the rosetting potential of day 4
and day 5 macrophages respectively, with chondroitin-4sulphate coupled SRBC.

Fig. 5.1 Numbers of mouse (BALB/c) peritoneal cells
harvested following an intraperitoneal injection of
thioglycollate (2.Sml/mouse).
Data are expressed as
total numbers of cells ( •) , macrophages ( o ) and
polymorphonuclear leukocy tes ( o) per mouse.
The
vertical bars represent the standard error of means
from three animals.
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5.2.2

Functi o nal analys e s of th e sul phat ed po l y s accha ri de

s p ecific r e c ep t o rs on macrophage s
Since macrophages are characterized by their high
phagocytic activity, it was important to determine whether
the interaction of sulphated polysaccharides with the
appropriate macrophage receptors could induce a phagocytic
and/or endocytic event.

Initially, the ability of BALB/c,

thioglycollate-elicited macrophages to phagocytose
polysaccharide coupled SRBC was examined (Table 5.4 and
Fig. 5.4).

It was found that polysaccharide coupled

SRBC, when incubated at 37°C for 4 hours with
thioglycollate-elicited macrophages, were not phagocytosed
at a significant rate (Table 5.4, column 2 and Fig. 5.4B).
This result

was obtained even though under these

conditions, each macrophage bound a large number of
polysaccharide coupled SRBC (Table 5.4, column 1). Controls
demonstrated that uncoupled and polysaccharide coupled SRBC
pretreated with anti-SRBC antibody were readily phagocytosed
(Table 5.4, column 4 and Figs. 5.4C and D), thus eliminating
the possibility that the coupled SRBC cannot be phagocytosed.
Furthermore, it should be noted that although antibody
sensitized, uncoupled SRBC were readily phagocytosed they
bound l e ss effectively to the macrophage surface than the
sulphated polysaccharide coupled SRBC (compare columns 1
and 3, Table 5.4).

Thus, it can be concluded that

recognition of the polysaccharides by macrophage receptors
does not constitute a phagocytic signal under the test
conditions.
A surprising aspect of the experiment depicted in

Table 5 . 4 :

Ability of macrophages to bind and phagocytose
polysaccharide coupled- SRBC

No Antibody
Polysaccharide
coupled SRBC

No. SRBC
bound/
macrophage

Antibody sensitized a

macrophages
with
internalized
SRBC

%

No. SRBC
bound/
macrophage

macrophages
with
internalized
SRBC

%

3 ± 1

<10

23 ± 1

78 ±

9

Hyaluronic acid

24 ± 2

<10

40 ± 1

86 ±

8

Chondroitin-4sulphate

39 ± 2

<10

46 ± 4

82 ±

7

Chondroitin-6sulphate

41 ± 2

<10

41 ± 3

80 ±

7

Heparin

46 ± 3

<10

46 ± 4

83 ± 13

Fucoidan

33 ± 2

<1 0

45 ± 3

85 ±

6

Kappa-carrageenan

54 ± 6

<10

51 ± 5

85 ±

5

Nil

a

SRBC pretreated with anti- SRBC antibody.
Day 5 , thioglycollate induced macrophages were incubated
with SRBC at 37°C for 4 hours . Number of SRBC bound/
macrophage and percentage of macrophages with internalised
were quantified following procedure described in Section
2 . 11 . The results are expressed as the mean of three
determinations+ s . e .

SRBC

Fig. 5.4 Light microscopic view (magnif. x200) of
the phagocytosis of SRBC by Day 5, thioglycollateelicited peritoneal macrophages (BALB/c).
(A) uncoupled SRBC (B) dextran sulphate-2.3 coupled
SRBC (C) uncoupled, anti-SRBC antibody sensitised
SRBC (D) Dextran-sulphate-2.3 coupled, anti-SRBC
antibody sensitised SRBC.
The macrophages represent
monolayers which were viewed unstained through a
microscope.
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Table 5.4 was that the thioglycollate-elicited macrophage
monolayers bound hyaluronic acid coupled SRBC, a reaction
not observed in the rosetting assays (Table 5.3).

This

hyaluronic acid reactivity was observed on several
occasions and may be due to the conditions of the assay,
namely incubation of the macrophages as monolayers in
tissue culture medium at 37°C.

Obviously, further work

is required to explain this change in reactivity.
In the next series of experiments macrophages were
examined for their ability to endocytose sulphated
polysaccharides.

The experimental protocol was to incubate

BALB/c, thioglycollate-elicited macrophages with
fluoresceinated polysaccharides for 4 hours at 37°C and th e n
quantitate the amount of polysaccharide endocytosed on a
fluorimeter (see Section 2.12).

It was found that there

was no detectable endocytosis of hyaluronic acid, and
chondroitin-4-and -6-sulphate (Table 5.5), even though
rosetting assays demonstrated that macrophages strongly
reacted with the chondroitin sulphates (Table 5.3).

In

contrast, there was substantial endocytosis of heparin,
fucoidan and kappa-carrageenan (Table 5.5).

Fluorescence

microscopy of macrophages confirmed these findings
including the hierarchy of endocytosis being heparin >
fucoidan > kappa-carrageenan (data not shown).
When the kinetics of the polysaccharide uptake by
macrophages was assessed, it was found that in this
experiment,although 6 times more heparin was endocytosed
than fucoidan, the uptake of both these polysaccharides
was rapid and

plateaued within 30-60 mins (Fig. 5.5).

Table 5.5 :

Ability of macrophages to endocytose
fluoresceinated polysaccharides

Polysaccharide

Polysaccharide endocytosed
(µg/2x105 macrophages)

Hyaluronic acid

<0.23

Chondroitin-4-sulphate

<0.08

Chondroitin-6-sulphate

<0.06

Heparin

2.15 ± 0.35

Fucoidan

0.83 ± 0.11

Kappa-carrageenan

0.50 ± 0.01

Day 5, thioglycollate induced macrophagPs were incubated
with lOOµo/mlfluoresceinated polysaccharide
.
at 37°C for 4 hours and- the polysaccharide endocytosed
quantified ' following procedure described in Section 2.11.
The results are expressed as the mean of three determinations
+ s.e.

Fig. 5.5 Rate of uptake of fluoresceinated
polysaccharide by Day 5, thioglycollate-elicited
peritoneal macrophages (BALB/c). Macrophages
were incubated with fluoresceinated heparin ( •)
or fucoidan ( 6) · and the polysaccharide
endocytosed quantified.
Results are expressed
as
sulphated polysaccharide uptake (µg} per
2xlo5 macrophages.
The vertical bars represent
the standard error of means of three determinations.
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The kinetics of this uptake suggests strongly that it is
r~ceptor mediated.

Following prolonged incubation of

the macrophages (i.e. >2 hrs)

there was a gradual uptake

of additional polysaccharide which was probably due to
the non-specific binding of polysaccharide to dead cells.
In an additional experiment ,macrophages were incubated
with increasing concentrations (25-125µg/ml)

of the

fluoresceinated polysaccharide for 4 hours at 37°c and
polysaccharide uptake assessed.

Consistent with there

being receptor mediated endocytosis,it was found that
fucoidan uptake plateaued at >75µg/ml and heparin uptake
at 100-125µg/ml
5.3

(Fig. 5.6).

Discussion
Experiments described in this chapter demonstrated that

cell surface binding sites/receptors for sulphated poly saccharides are present on a vari~ty of normal cell types, such
as lymphocytes, macrophages and PMN (T able 5.1) as well as
being expressed on thymoma, macrophage , fibroblast and
mastocytoma cell lines (Table 5.2).

Furthermore , using

eleven structurally different polysaccharides to detect
receptors it was found that each cell type expressed a
characteristic family of receptors.

Subsequent analysis

of receptor expression on macrophages revealed differences
in the array of receptors on resident and inflammatory
(thio glycollate-elicited and ECG-activated) peritoneal
macrophages.

In general, inflammatory macrophages expressed

receptors for a larger repertoire of polysaccharides than
resident macrophages (Table 5.3).

Furthermore,

thioglycollate-elicited macrophages were observed to react

Fig. 5.6 Uptake of fluoresceinated polysaccharide
by Day 5, thioglycollate-elicited peritoneal macrophages
(BALB/c).
Macrophages were incubated with different
concentrations (25-125 µg/ml) of fluoresceinated heparin
( •) or fucoidan ( o) and the polysaccharide endocytosed
quantified.
Results are expressed as sulphated
polysaccharide uptake ( µg) per 2 x lo5 macrophages . The
vertical bars represent the standard error of means of
three determinations.
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with the GAG's chondroitin-4-sulphate, chondroitin-6sulphate and dermatan sulphate, all other immune
lymphocytes tested lacking receptors for these GAG's .
A striking feature of the macrophage experiments
was the kinetics of appearance of receptors for
chondroitin-4-and -6-sulphate on thioglycollate-elicited
macrophages, receptor expression peaking at days 2 and
5-6 after thioglycollate injection (Fig. 5.2).

Whether

this change in receptor expression represents the influx
of macrophage subsets from the circulation or the
'cycling' of receptors on macrophages already present
in the peritoneal cavity remains to be determined.
Collectively these data suggest that cell surface
receptors for sulphated polysaccharides are ubiquitous
and exhibit diversity in their binding specificities.
This diversity is highlighted by the fact that receptors
for different polysaccharides can be independently
expressed on different cell types.

Such observations

complement earlier studies which demonstrated that
lymphocytes express a diverse array of specific receptors
for sulphated polysaccharides (Parish and Snowden, 1985).
The macrophage studies also represent another
demonstration that 'activation' of macrophages results
in a substantial change in the receptor status of the
cells and confirms that different activating agents can
produce profoundly different macrophage populations.

In

fact, in a review on macrophage activation, Karnovsky
and Lazdins (1978)

listed ten biochemical differences

between thioglycollate/peptone-elicited and ECG/Listeria-
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activated macrophages.

Thus, the presence or absence

of receptors for certain sulphated polysaccharides
could serve as yet another marker for the activation
state of macrophages.
This chapter also describes some preliminary analyses
of the functional significance of the macrophage receptors
for sulphated polysaccharides.

It was found that none of

the polysaccharide coupled SRBC were phagocytosed by
macrophages even though it was observed that the coupled
SRBC interacted very effectively with the macrophage
surface (Table 5.4).

In fact, antibody sensitized SRBC,

which were readily phagocytosed, bound less effectively
to macrophages than the polysaccharide coupled SRBC.
These observations suggest that the triggering of
phagocytosis can be highly receptor specific.
On the other hand, some of the polysaccharides
tested, namely heparin, fucoidan and kappa-carrageenan,
were endocytosed
selective

(Table 5 . 5).

The endocytosis was

since hyaluronic acid and the chondroitin

sulphates, which bound to the surface of macrophages,
were not endocytosed.

This selectivity,combined with

the rapid kinetics and saturability of uptake (Figs . 5.5
and 5.6), is indicative of the endocytosis being receptor
mediated.

Furthermore, fluorescence microscopy revealed

that internalized heparin was localized in large vesicles
that were extruded from the macrophage after 3 hours,
whilst fucoidan and kappa-carrageenan remained in small
vesicles that were evenly
macrophage cytoplasm.

distributed throughout the

Although it has not been
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conclusively demonstrated, the difference in processing
of the internalized polysaccharides suggests that at
least two different receptors were involved in nediating the
endocytosis observed.
The rapid uptake of heparin by macrophages in vitro
has been previously reported by Mims · (1969) whilst
studies by Bleiberg

and his colleagues demonstrated

that this uptake was mediated by a trypsin-sensitive ,
macrophage receptor that was specific for heparin and
resulted in the desulphation of heparin, thus neutralizing
its anticoagulant activity (Fabian et a l .~ 1976;
Bleiberg

et al .~ 1983).

Since heparin is released by

degranulating mast cells (Wasserman, 1979), and
macrophages have been observed to endocytose mast cell
contents (Smith and Lewis, 1958), it could be envisaged
that the macrophage receptors for heparin function to
eliminate these molecules from sites of tissue damage
and inflammation. On the other hand, the inability of
chondroitin sulphate binding to initiate either phagocytosis
or endocytosis suggests a more subtle role for these
receptors.

An attractive possibility is that some of

the receptors for sulphated polysaccharides on macrophages
and other cell types are involved in cell-cell communication
and the positioning of cells within organs.

The evidence

supporting this point of view was briefly summarized in
Chapter 4 and will be discussed in greater detail in
Chapter 7.
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5.4

Summary
Earlier studies demonstrated that lymphocytes express

a diverse array of sulphated polysaccharide specific receptors
(Parish and Snowden, 1985).

Using a rosetting assay with 11

structurally different polysaccharides, this chapter presents
evidence that cell surface receptors for sulphated
polysaccharides are present on a variety of non-lymphoid
cell types such as macrophages, polymorphonuclear leukocytes,
mast cells and fibroblast.

However, it was found that each

cell type expressed a characteristic array of receptors.
Subsequent analyses of receptor expression on macrophages
revealed that inflammatory macrophages (i . e. ECG-activated and
thioglycollate-elicited expressed a larger repertoire of
receptors than the resident population.

In particular,

thioglycollate-elicited macrophages reacted with the
glycosaminoglycans (GAG's), chondroitin-4-and -6-sulphate,
and dermatan sulphate, whereas all other leukocytes tested
lacked receptors for these GAG's.

Another striking feature

of the macrophage experiments was the kinetics of appearance
of receptors for chondroitin-4-and -6-sulphate on thioglycollateelicited macrophages, these receptors being expre ssed in a
cyclic fashion and peaking at days 2 and 5-6 after thioglycollate
injection .
Preliminary analyses of the functional significance of
the macrophage receptors for sulphated polysaccharides
revealed that they could mediate the specific endocytosis of
some sulphated polysaccharides, namely, heparin, fucoidan
and kappa-carrageenan but were unable to initiate endocytosis
of the chondroitin sulphates .

On the other hand , sulphated

141

polysaccharide coupled SRBC were not phagocytosed even
though they interacted strongly with the macrophage surface.
The possible significance of these observations and their
relevance to an inflammatory response were discussed.

CHAPTER 6

EVIDENCE THAT CALCIUM AND THE CYTOSKELETON PLAY A KEY
ROLE IN THE LYMPHOCYTE-MACROPHAGE INTERACTION AND
OTHER CELL ADHESION SYSTEMS
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6. 1

Introduction
Murine thymocytes and lymphocytes can spontaneously

bind to homologous macrophages both in vivo and in vitro .
Experiments described in Chapter 4 demonstrated that this
interaction is mediated by a lymphocyte lectin that
recognizes a kappa-carrageenan like moiety on the surface
of macrophages.

In this chapter, the metabolic requirements

of the interaction are described and evidence presented
suggesting that the macrophage cytoskeleton plays a key
role in the adhesion process.

Furthermore , additional

experiments are included which suggest that two other cell
adhesion systems have similar metabolic requirements .
6. 2

Results

6.2.l

The effect of heat and various pharmacological agents

on the lymphocyte - macrophage interaction
Chapter 3 describes an automated colorimetric assay for
measuring the non-immune interaction between lymphocytes and
macrophages .

Using this assay, the metabolic requirements

for the interaction were determined.
Initial e x periments demonstrated that viable macropha g es,
but not thymocytes,were required for the thymocyte-macrophage
interaction, heat killed macrophages being unable to interact
with thymocytes whereas heat killed thymocytes exhibited
unaltered reactivity (Table 6.1).

A similar result was

reported by Lipsky and Rosenthal (1973,

1975b).

Subsequent experiments assessed the effect of a range
of pharmacological agents on the thymocyte-macrophage
interaction .

The experimental protocol was as follows :

macrophage monolayers were pretreated with each of the drugs

Table 6.1 :

Effect of heat killing on the thymocytemacrophage interaction

Treatment

a

Heat killed macrophages
Heat killed thymocytes

a

Thymocytes bound
( % control)

7 + 1
96 + 5

Macrophage monolayers or thymocytes were heat
killed by being incubated at 60°C for 1 hour
before use in rose bengal binding assay .
5
3xl0 thymocytes were incubated with preformed
macrophage monolayers (105/well) for 90 min at
37°C. The results are expressed as the mean
percentage of untreated control (from three
determinations) + s.e.

14 3

for 30 min at 37°C, thymocytes were then added and the
ce.lls coincubated in the presence of inhibitor for an
additional 90 min at 37°C before bound thymocytes were
stained with rose bengal.

All results are presented as

a percentage of the untreated control, 60-80 % of control
thymocytes binding to the preformed macrophage monolayers.
Pharmacological agents were used at concentrations reported
to give optimal specific inhibitory activity although in
some cases, namely with EDTA, EGTA and lidocaine, suboptimal
concentrations were used to prevent detachment of macrophages
from the plastic.

In all experiments, at least 75 % of the

test macrophage monolayer, as compared to the untreated
control, remained adherent following drug treatment .
Dimethyl _sulphoxide ( DMSO) .l

used as a solve nt for drug s that

were insoluble in PBS,did not inhibit the thy mocytemaGrophage interaction at the concentrations us e d (0.1 % v / v )
Previous work of Lipsky and Rosenthal (1973,

19 75b)

demonstrat e d that metabolically active macrophages and
divale nt cations, especially calcium, were required for the
stable binding of lymphocytes to macrophages.
were confirmed using th e rose bengal assay .
azide (NaN3)

Their results
Thus, sodium

( 2 7% control) , a r e versible inhibitor of

oxidative phosphorylation,and iodoacetamide (51 % of
control) , an irreversible inhibitor of glycolysis, reduced
adhesion of thymocytes to macrophages (Table 6.2). Similarly,
EDTA , a divalent cation chelator and EGTA, which binds
selectively to calcium, significantly reduced thymocytemacrophage binding (Table 6.2) .
In order to further investigate the role of calcium in

Table 6.2:

Effect of various pharmacological agents
on the thymocyte-macrophage interaction

Macrophage monolayers were incubateo with or without
inhibitor (at the stated concentrations) for 30 min
at 17°C. Thymocytes were then added to the macrophage
monolayers and the mixtures coincubated for a further
90 min at 37°C. The results are expressed as the mean
percentage of untreated control (from three
determinations) + s.e.
Underlined values represent
statistically significant inhibition (p <0.05) by
Student's t-test.

ch
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qui
Inh
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ind
Inh
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(ND

5, 8

aci

Pharmacological
Agent
dimethyl sulphoxide (DMSO)

e

0.1 %(v / v )

Thymocytes bound
( % control)
106 -+

8

15mM

27 +

5

iodoacetamide

3mM

51 +

5

Divalent cation chelators
EDTA

2mM

55 +

7

EGTA

2mM

59 + 10

Metabolic inhibitors
sodium azide (NaN3)
ts
n

Concentration

-

Disruptors of intracellular calcium
concentration
verapamil HCL
0.5mM

19 +

2

5 µM

69 +

9

Inhibitors of calmodulin activity
R24571
50 µM

56 +

6

50 µM

19 +

4

9 +

2

5mM

70 +

6

0.2mM

41 +

3

A23187

chlorpromazine (CP)
trifluo perazine (TFP)
Anaesthetics
lidocaine
dibucaine HCl
Cytoskeleton disruptors
cytochalas in B

5 µ g/ ml

73 +

6

cytochalasin D

5 µ g/ ml

62 +

5

lO µ g/ml

71 -+

4

33 -+

5

colchicine

Inhibitors of arachidonic acid production
50 µM
bromophenacyl bromide (BPB)
CAMP
hydrocortisone
quinacrine

lmM

109 -+ 10

lOO µM

99 + 10

25µM

Inhibitors of prostaglandin production
aspirin
50µM

108 +

7

101 + 10
98 +

7

Inhibitors of leukotri ene production
nordihydroguaiaretic acid
(NDGA)
50µM

42 +

6

5,8,11,14-eicosatetraynoic
acid (ETYA)

93 +

7

indomethacin

50µM

lO µM
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the thymocyte-macrophage interaction, the effect of
verapamil

hydrochloride , a calcium channel blocker,

(Zelis and Flaim , 1981; Sato and Hiroshi , 1982) and
A23187, a calcium ionophore (Reed and Lardy, 1972;
Romeo et al ., 1975) was determined.

Both drugs

significantly inhibited the thymocyte-macrophage interaction,
suggesting that a regulated influx of calcium is essential
for cell adhesion (Table 6 . 2) .

Since calmodulin is the

primary regulator of intercellular calcium concentration
and the mediator of many calcium dependent functions in
non-muscle cells (Cheung , 1980), it seemed important to
determine whether calmodulin activation was required for
cell adhesion.

It was found that the three drugs that were

reported to inhibit the biological activity of calmodulin,
namely trifluorperazine (TFP)

(Osborne and Weber, 1980 ;

Wetss et al . , 1980), R24571 (van Belle, 1981) and
chlorpromazine (CP)

(Levin and Weiss, 1977; Weiss et al .,

1980) blocked the binding of thymocytes to macrophages
(Table 6.2).

This result suggests, therefore, that

calmodulin is required for the cell adhesion process and
also supports the proposition that an influx of calcium
is an essential event during thymocyte-macrophage
binding .
Another group of pharmacological agents that
significantly inhibited the thymocyte-macrophage
interaction were the anaesthetics,lidocaine (70 % of
control) and , dibucain e
(Table 6 . 2).

hydrochloride (41 % of control)

However , anaesthetics are reported to

have multiple effects on the plasma membrane
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(Papahadjopoulous, 1972; Nicolson et al ., 1976) and ther efore
the precise mechanism by which they disrupt or prevent cell
adhesion cannot be proposed.
Earlier experiments of Lipsky and Rosenthal (1975)
also demonstrated that agents that inhibit microfilament
function, namely cytochalasin B,

and disrupt microtubule

structure, such as colchicine , decreased the macrophagelymph node lymphocyte interaction. The rose bengal assay
confirmed that these drugs, including another microfilament
depolymerizer, cytochalasin D, inhibited the thymocytemacrophage interaction (Table 6.2).

These results suggest

that a functioning microfilament and microtubule system is
required for a stable union between thymocytes and
macrophages.
Previous studies have demonstrated that products of
arachidonic acid metabolism, notably the prostaglandins

and

leukotrienes, can induce the aggregation of neutrophils,
leukocytes and sponge cells(O~laherty et al ., 1978, 1979;
Goetzl, 1983; Rich et al . , 1984).

Thus, a range of inhibitors

of prostaglandin and leukotriene synthesis were tested for
their ability to inhibit the thymocyte-macrophage interaction.
It was found that of the eight inhibitors tested, only two
significantly inhibited cell adhesion (Table 6.2).
were the alkylating agent ,

They

bromophenacyl bromide (BPB) and

the antioxidant, nordihydydroguaiaretic acid (NDGA)

that

are postulated to inhibit phospholipase A2 and lipoxygenase
activities , respectively.

However, since three other

inhibitors of arachidonic acid production (i.e. cAMP,
hydrocortisone and quinacrine) and another inhibitor of

146
leukotriene production (i.e. ETYA) had no effect on the
thymocyte-macrophage interaction, it seemed probable
that these drugs are inhibiting some other aspect o f the
cell adhesion process.
Finally, similar drug sensitivities were observed
when either

splenic lymphocytes and heat killed thymocytes

were allowed to interact with macrophages

(data not

shown)
6.2.2

E ff ect o f va r ious pharmacological agents on microfilament

o r ganizat i on and s u rfa c e immunoglobulin redi s tribution

The bulk of the drug inhibition data presented above
could be interpreted as being due to either direct or indirect
disruption of the cytoskeleton, a functioning cytoskeleton
requiring energy, calcium influx and calmodulin acti vation.
In order to test this possibility, the different pharmacological
agents were tested for their ability to disrupt microfilame nt
organization in normal rat embryo fibroblasts.
Microfilament organization was monitored by using the
fluorescent oligopeptide nitrobenzooxadizole-phallacidin (NBDphall a cidin) which binds specifically to F-actin (Barak et al .~
1980), the polymerized form of actin present in the organised
bundles of microfilaments (Lazarides and Weber, 1974; Goldman
et al .~ 1975).

Thus using this technique, the microfilament

bundles or "stress fibres" can be readily visualized under
a fluorescence microscope (magnif. x200).

In an untreated

control, these fibres frequently span the whole length of
the cell or converge to characteristic 'focal points'
(Fig. 6. lA) .

Fig. 6.1 Fluorescence microscopic view (magnif.
x200) of the effect of three pharmacological agents
on the F-actin organisation of normal rat embryo
fibroblast:
(A) untreated control, (B) cytochalasin
B (5 µg/ml), (C) NDGA (50µM), (D) BPB (SO µM).
Adherent fibroblasts were incubated with the
pharmacological agents for 4 hours at 37°C and then
stained with NBD-phallacidin that binds specifically
to F-actin. Cells were viewed through a
fluorescence microscope at an excitation wavelength
of 450-470nm and an emission wavelength of 510650nm.
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Table 6.3 presents the effect of the various
pharmacological agents on F-actin organization, the
fibroblast monolayers being incubated with the drugs for
4 hours at 37°C before NBD-phallacidin staining. Results
are expressed as a percentage of untreated controls and
only experiments in which approximately 80 % of the
control fibroblast were scored as having organised F-actin
were used.

Only adherent fibroblasts were counted and

cells that were dividing (rounded up cells with no
organised F-actin) were not included in the count. It
was found that all the drugs that induced a disruption
of the stress fibres also inhibited the lymphocytemacrophage interaction (compare Tables 6.2 and 6.3)
Th s, microfilament structure was disrupted by the
metabolic inhibitor, NaN3 (33 % of control), the calcium
channel blocker, verapamil HCl (13 % of control), the
calcium ionophore, A23187,

(14 % of control), inhibitors

of calmodulin, R24571, CP and TFP (32 %, <5% and <5 % of
control), the anaesthetics, lidocaine and dibucaine (13 %
and <5 % of control) and the microfilament depolymerizer
cytochalasin B ( <5 % of control).
Three important aspects of the microfilament experiments
should be noted. First, incubation of the fibroblasts with
three of the pharmacological agents, TFP, dibucaine HCl and
cytochalasin B, not only resulted in a disruption of the
stress fibres but changed the morphology of the cells. The
cells rounded up , leaving arms and processes of varying
shape, length and width adhering to the coverslips .
Figure 6.lB depicts the change in morphology of cytochalasin
B treated fibroblasts as compared to the flattened, spread-

Table 6.3:

Effect of various pharmacological agents
on F-actin organization in normal rat
fibroblasts and surface immunoglobulin
capping of murine B lymphocytes

a

Adherent rat embryo fibroblasts were incubated with
or without inhibitor (at the stated concentrations)
for 3 hours at 37°C before labelling with NBDphallacidin. Cells were viewed under a fluorescence
microscope (magnif. x200) and the number of
fibroblasts with highly organised F-actin filaments
per 200 cells scored.
The results are expressed
as mean percentage of untreated control (from
two determinations), approximately 80% of control
fibroblasts being scored as having organised
F-actin.

b

Murine B cells prestained with fluoresceinated
sheep anti-mouse Ig were incubated with or without
inhibitor (at the stated concentration) for 30 min
at 37°C before the number of capped cells per
100 cells was scored. The results are expressed
as mean percentage of untreated control (from
three determination~+ s.e., >90 % of control
cells forming caps. Underlined values represent
statistically significant inhibition (p <0.05)
by Student's t-test.

Pharmacological
agent

DMSO

Metabolic inhibitors
Sodium azide

Concentration

0.1 %( v/v )

15rnM

Disruptors of intracellular calcium
concentration
verapamil HCl
0. 5rnM
th
s)

A23187

5 µM

nee

Inhibitors of calmodulin activity
R24 5 71
50 µM

ts

chlorpromazine
tri fl uo perazine
Anaesthetics
lidocaine
dil::?,ucaine HCl

Cells with lg-capped
organised
cellsb
F-actina
( % control)
99
93 + 3
33

36 +

l

13

79 -+

3

14

<10

32

54 +

2

50 µM

<5

15 +

4

25 µM

<5

18 +
-

4

5rnM

13

69 +

4

0.2rnM

<5

68 +

7

Cytoskeleton disruptors
cytochal as in B

5 µg/ ml

<5

41 +
-

9

cytochalasin D

5 µ g/ ml

N.D.

19 +

5

89

90 +

2

Inhibitors of arachidonic acid production
13
50 µM
BPB

51 +
-

3

lrnM

112

96 +

lOO µm

109

88 +

2

109

93 +

3

104

90 +

2

17

20 +

2

96

95 +

2

colchicine

cAMP

hydrocortisone

lO µ g/ ml

Inhibitors of prostaglandin production
50 µM
aspirin
indomethacin

50 µM

Inhibitors of leukotriene production
50 µM
NDGA
ETYA

lO µM
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out cells of the untreated control (Fig. 6.lA). In contrast,
colchicine, a drug that is reported to only affect the
microtubule system, did not disrupt the F-actin organisation
of adherent fibroblasts. This observation demonstrates the
specificity of the NBD-phallacidin-F-actin interaction,
and contrasts with the ef f ect of colchicine on the thymocytemacrophage interaction. Second, although NDGA (SO µm) is
reported to specifically inhibit the production of
leukotrienes (Tappel et al ., 1953; Hamberg, 1976; Bokock
and Reed, 1981), it is clear from Figure 6.lC that
NDGA (SO µm)

can also disrupt fibroblast stress fibres.

Third, BPB (SO µm)

is reported to specifically inhibit

phospholipase A2 enzymic activity (Volwerk et al ., 1974;
Roberts et al ., 1977). However, when BPB treated fibroblasts
were examined, most of th e cells had completely disrupted
or _greatly reduced numbers o f stress fibres and in some
cells, actin cont a ining ag gr ega tes were found
disp e rsed in the c y t o plasm or around the nucleus
(Fig. 6.lD). Th e s e inhib ition data are consistent with
the view that the micro f ilament system plays a key role
in the lymphocyte-macro p hage interaction, presumably via
controlling the mobility o f receptors in the cell membrane.
To test this possibility , the different
pharmacological agents were assayed for their ability to
inhibit anti-immunoglobulin (Ig) induced capping of
surface Ig on murine B lymphocytes, a classic model of
ligand induced redistribution of membrane molecules. It
was found (Table 6.3)

that with the exception of colchicine,

the same drugs that inhibit the lymphocyte-macrophage
interaction and disrupted microfilament structure, inhibited
surface Ig capping. Of particular interest was the ability
of BPB and NDGA to inhibit surface Iq redistribution.
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These drugs are reported to be selective inhibitors of
arachidonic acid metabolism (Tappel et al ., 1953;
Volwerk et al. , 1974; Roberts et al . , 1977; Bokock and
Reed , 1981; Lim, 1983) but, based on the data presented
in this section, they are also potent disruptors of the
microfilament system.
6.2.3

The e ff ect o f various pharmacological agents on other

cell adhesion systems

At this point, it was important to determine whether
other cell adhesion systems had similar metabolic requirements
as the lymphocyte-macrophage interaction .

In order to test

this possibility, two different adhesion systems were
examined, namely, the adhesion of L929 fibroblasts to
fibronectin coated surfaces and sponge cell aggregation.
Before embarking on the drug inhibition studies, it was
important to determine whether aggregation of cells from the
sponge, Ophli taspongia tenuis , was calcium dependent,
'--'

previous studies having demonstrated that reaggregation
of cells from other sponge species was a highly calcium
dependent process (see Section 1 . 4.2).
the results of such an experiment.

Figure 6.2 presents

Sponge cells remained

dispersed when incubated in ca++ /Mg ++_free seawater for >1 2
hours at room temperature , but formed increasing numbers of
similarly sized aggregates with increasing concentrations
of calcium, the number of aggregates plateauing at calcium
concentrations >lmM .

Thus, aggregation of 0 . tenuis cells

is highly calcium dependent and in all subsequent
experiments , aggregation assays were performed in ca++;Mg++_free
seawater

containing lmM calcium .

Fig. 6.2

Ability of cells from the sponge,

Ophistaspongia tenuis ~ to aggregate at different

calcium concentrations. Results are expressed
as the number of aggregates in a defined area
using an eye-piece graticule. The vertical
bars represent standard error of means of three
determinations.
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The same pharmacological agents that were used to
inhibit the lymphocyte-macrophage interaction were tested
for their ability to inhibit the two cell adhesion systems
described above (Table 6.3).

It was found that the same

drugs that inhibited the lymphocyte-macrophage interaction,
inhibited fibroblast-fibronectin adhesion and sponge cell
aggregation, although the potency of the inhibitory effects
differed somewhat between the adhesion systems.
The effect of three pharmacological agents, namely
cytochalasin B (S µg/ml) , NDGA (SO µg/ml)

and colchicine

(lO µg/ml),

on sponge cell aggregation are presented in Figure 6.3.
Virtually all the sponge cells in the untreated control
formed into aggregates (Fig. 6.3A), whereas those that
were treated with cytochalasin Band NDGA remained largely
dispersed as either single cells (Fig. 6.3B) or as very
sm?ll aggregates (Fig. 6.3C).

Cells treated with colchicine,

on the other hand, formed fewer and smaller sized aggregates
than the control (Fig. 6.3DJ although larger aggregates
than the NDGA-treated cells (Fig. 6.3C).
6.3

Discussion
This chapter describes experiments aimed at identifying

the metabolic requirements of the lymphocyte-macrophage
interaction.

The experimental approach was to measure the

ability of a range of pharmacological agents to inhibit the
cell adhesion process, drugs being chosen which had defined
metabolic effects.

It should be emphasized, however, that

the results of drug inhibition studies must be interpreted
with caution as most pharmacological agents affect a number
of metabolic pathways and some drugs could have unexpected

Table 6.4:

Effect of various pharmacological agents
on other cell adhesion systems

(s)

Aggregates that occurred were smaller than
control.

a

The results are expressed as a mean percentage
of untreated controls (from three determinations)
+ s.e.
Underlined values represent statistically
significant inhibition (p<0.05) by Student's
t-test.

b

L929 cells were incubated with or without
inhibitor (at the stated concentrations) in
fibronectin-coated wells and serum-free medium
(F15/HEPES) for 40 min at 37°C and the adherent
cells subsequently quantitated by rose bengal
staining.

C

Suspensions of cells from the sponge
Ophli~ taspongia tenuis were incubated with
or without inhibitor (at the stated
concentrations) in ca++/Mg++-free seawater
containing lmM calcium for at least 2 hours
at room temperature (approximately 20°C).
Assays were performed in flat-bottomed trays
placed on a platform rocker. The aggregates
were viewed through a binocular microscope
and the number of aggregates in a defined area
in an eye-piece graticule determined, control
wells containing 150-200 aggregates.
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95 -+
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50 +

1

21 +
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Inhibitors of calmodulin activity
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50 µM
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1

46 +

5 ( s)

chlorpromazine

47 +

1

<10

( s)

trifluoperazine
Anaesthetics
lidocaine
dibucaine HCl

50 µM

----25µM

<5

5mM

12 +

0.2mM

17 +

5 ( s)

1

57 +

5 ( s)

74 +

6

39 +

5 ( s)

Cytoskele ton disruptors
cytochalasin B

5 µg/m l

71 +

3

13 +

2 ( s)

cytochalasin D

5 µg/m l

61 +

2

9 +

1 ( s)

lO µg/ml

59 +

3

51 -+

3 ( s)

colchicine

Inhibitors of arachidonic acid production
BPB
<5
50 µM
cAMP

lmM

9

87 +

1

84 + 12

84 +

1

96 +

1

83 +

2

Inhibitors of prostaglandin production
86 +
aspirin
50 µM

6

100 +

6

91 +

9

91 +

6

15 +

2

<10

92 +
-

6

97 +

hydrocortisone
quinacine

indomethacin

lOO µM
lO µM

50 µM

Inhibitors of leukotriene production
NOGA
50µM
ETYA

50µM

96 +

<10

( s)
7

Fig. 6.3 Light microscopic view (magnif xl25) of
the effect of three pharmacological agents on sponge,
Ophl i...._,taspongia tenuis ~ cell aggregation:
(A) untreated control, (B) cytochalasin B (Sµg/ml),
(C) NDGA (SO µM), (D) colchicine (lO µg/ml).
In all
cases, sponge cell aggregation was performed in the
presence of lmM calcium.
Aggregates were allowed
to form for >2 hours at room temperature (approx. 20°C)
on a platform rocker.

e,

0 °C)
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effects on cellular metabolism.

In order to overcome this

problem, groups of drugs sharing a common effect were used
whenever possible.
Preliminary experiments with heat treated cells
(60 min, 60°C) and metabolic inhibitors revealed that only
viable, metabolically active macrophages but not lymphocytes
were required for binding (Tables 6.1 and 6.2), a finding
reported previously by other workers (Lipsky and Rosenthal,
1973; Lopez et al .~ 1977).

Subsequent experiments with

EDTA and EGTA (Table 6.2) also confirmed the earlier
observations that binding was dependent upon the external
calcium concentration (Lipsky and Rosenthal, 1973, 1975a).
However, these experiments did not establish whether calcium
was required extracellularly for the initial contact between
the cells or performed an intracellular function. Experiments
demonstrating the inhibitory activity of the calcium channel
blocker, verapamil HCl

(Table 6.2) and the calmodulin inhibitors,

TFP, CP and R2457 1, su pport the proposition that an
intracellular influx of calcium is necessary.

Furthermore,

treatment of cells with the calcium ionophore, A23187,
reduced adhesion and thus indicated that only a physiologically
regulated influx of calcium could effect cell adhesion.
The cytoskeleton has been proposed to be involved in
several cell-substratum and intercellular adhesion systems
(Rauvala, 1983; Kurano et al .~ 1984).

In this chapter, it

was found that both cytochalasin Band cytochalasin D,
inhibitors of microfilament function, and colchicine, an
inhibitor of microtubule function, substantially reduced
the lymphocyte-macrophage interaction (Table 6.2), a
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previously reported observation (Lipsky and Rosenthal,
1~73, 1975b; Lopez e t al ., 1977).

Other .evidence that

supported this proposition was that both cell adhesion
and the functioning of the cytoskeleton, as measured by
F-actin organization, was found to be dependent upon a
metabolically active cell, an influx of calcium and the
activity of the calcium binding protein, calmodulin
(compare Tables 6.2 and 6.3).

Furthermore, anaesthetics

at the concentrations that inhibited cell adhesion have
also been reported to modify cytoskeletal elements or
their membrane attachment points (Haschke e t al ., 1974;
Nicolson et a l., 1976), a finding confirmed in this study
(Table 6 . 3) .
On the other hand, two out of eight inhibitors of
arachidonic acid synthesis and metabolism, namely NDGA
and BPB (Table 6.3, Fig. 6.1), inhibited the lymphocytemacrophage interaction (Table 6.2).
study by Hirata et al .

However, a recent

(1984) demonstrated that NDGA

impairs actin filament organization in vitro and, in
fact, experiments described in this chapter with NBDphallacidin labelling of microfilament structures in
fibroblasts indicated that both BPB and NDGA very effectively
disrupted the cytoskeleton (Table 6.4 and Fig . 6.1).
Therefore, it was concluded that arachidonic acid production
and metabolism probably plays no role in the lymphocytemacrophage interaction, and BPB and NDGA reduced cell
adhesion by disrupting the cytoskeleton.

Collectively these

observations are consistent with the proposition that
impairment of cytoskeleton function, either directly through
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cytochalasins, colchicine, NOGA and possibly BPB or
indirectly by inhibiting metabolism, calcium influx or
calmodulin activity, reduces cell adhesion.
Subsequent experiments described in this chapter
examined the metabolic requirements for two additional,
and completely different cell adhesion systems, namely
fibroblast-fibronectin adhesion and sponge cell aggregation.
It was found that the same pharmacological agents that
inhibited the lymphocyte-macrophage interaction also
impaired adhesion in these two systems (Table 6.4) .

These

observations suggest that the cytoskeleton plays a crucial
role in the adhesion process in a range of biological
systems, possibly causing a local 'concentration' of cell
adhesion molecules at the sites of cell-cell contact.

The

demonstration that the drugs that inhibited anti-Ig
induced capping of surface immunoglobulin or murine B
lymphocytes also reduced the lymphocyte-macrophage interaction
is consistent with this hypothesis (Table 6.3).
Based on the proposed mechanisms of capping of cell surface
ligands ~Nicolson, 1976; Braun 2nd Unanue, 1980; Bourguinon and
Bourguinon, 1984), the various stages of the lymphocytemacrophage interaction could be as follows:

(a) First,

the lymphocyte receptor (lectin) recognizes and binds
kappa-carrageenan like molecules on the macrophage surface.

(2) The macrophage adhesion molecules become capable of
interacting intracellularly, either directly or indirectly,
with the cytoskeleton . (c) The cytoskeleton collects the
bound receptors on the macrophage surface into a 'contact
site' by a sliding filament mechanism that is energy ,
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calcium and calmodulin dependent.

Thus, cell-cell contact

i~ limited to a small portion of the cell surface where
receptor-acceptor bonds accumulate.

Unfortunately, the

precise mechanism by which the microtubule system affects
cell adhesion is unknown while the role of rnicrotubules
in Ig capping, if any, is the subject of some controversy.
A similar model for fibroblast-fibronectin adhesion
has been proposed by Rauvala (1983).
observations that
diamide reduced

Based on the early

NaN3, EDTA, cytochalasin Band
fibroblast-fibronectin adhesion (Carter

et a l .~ 1981/, it was proposed that an intracellular

mechanism that resulted in the movement of active membrane
components into the adhesion site, facilitated cell
adhesion (Rauvala, 1983).
The second model of intercellular adhesion studied in
this chapter was the sponge cell aggregation system.

Since

the early demonstration that glutaraldehyde treated spon ge
cells aggregated in the presence of homologous aggregation
factor and calcium (see Section 1.4.2.1), it was assumed
that the only role for calcium was as an extracellular
bridge for the interacting cell adhesion molecules. However,
Dunham and his colleagues (1983) provided experimental
evidence which suggested that the aggregation of Mi c r ociona
p r ol i fe r a sponge cells, without the addition of a specific

proteoglycan factor ( Microciona aggregation factor; see
Section 1.4.2.1), was dependent upon an influx of calcium.
The experiments described in this chapter which measured
the effect of a range of pharmacological agents on sponge
cell aggregation (Table 6.4) support the observations of
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Dunham e t a l.

(1983) and implicate the cytoskeleton

in Op hl istaspo n gia tenuis cell aggregation.

Thus, it

is tempting to hypothesize that in both sponge cell
aggregation and the lymphocyte-macrophage interaction,
the cytoskeleton stabilizes the interaction by movin g
cell adhesion molecules to a defined contact site.
The main advantage of such a model of cell-cell or
cell-substratum adhesion is that a high avidity and
stable binding can be achieved through the local accumulation
of many low affinity interactions.

Furthermore, molecules

not involved in cell adhesion are excluded from the area
of cell contact and are thus available for other interactions.
Finally, the cytoskeleton can mediate cell adhesion or
detachment by regulating the surface arrangement of cell
adhesion molecules, an important point when considering
reversible cell adhesions.
6.3

Summary
Pr e vious studies have demonstrated that the spontaneous

non-immune interaction between lymphocyt e s and macrophages
is dependent upon calcium and

metabolicall y active

macrophages. Using the rose bengal binding assa y d escri bed in
Chapter 3

and a range of pharmacological agents, the

metabolic requirements of this interaction were further
investigated and the results of this analysis are
presented in this chapter. Anaesthetics (lidocaine,
dibucaine HCl), inhibitors of calmodulin function
(R24571, chlorpromazine and trifluorperazine) and
drugs that disrupt the intracellular calcium
concentration (verapamil HCl and calcium ionophore,

156

A231 8 7 ), inhibited the lymphocyte-macrophage interaction.
0~ the other hand , with the exception of NDGA and
BPB , pharmacological agents that inhibit arachidonic
acid synthesis and metabolism did not affect the adhesion
process . Similarly, it was demonstrated that drugs
which disrupt microfilaments (cytochalasin Band D)
and microtubules (colchicine) inhibited the interaction.
Furthermore , all of the inhibitory drugs , except
colchicine , disrupted F-actin organization in normal,
adherent fibroblasts.
Subsequent experiments described in this chapter
examined the metabolic requirements for two additional
and completely different cell adhesion systems , namely
fibroblast-fibronectin adhesion and sponge cell
aggregation .

Again, the same pharmacological agents

that inhibited the lymphocyte-macrophage interaction
also impaired adhesion in these two systems.

These

observations are consistent with the hypothesis that
the cytoskeleton plays a crucial role in the cell
adhesion process.
Finally, based on the observation that the
pharmacological agents that inhibit anti-lg induced
capping of surface Ig on murine B lymphocytes also
inhibit cell adhesion , a mechanism was proposed to
explain the role of the cytoskeleton in cell-cell
or cell-substratum adhesion .

CHAPTER 7

GENERAL DISCUSSION
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7.1

Introduction
Cell-cell interactions play a major role in the

developmental processes of all multicellular organisms,
hence, the molecular basis of cell adhesion represents
a central question of modern biology.

At the time of

initiating this study, there was a general concensus
that discrete cell surface molecules mediate cell-cell
adhesion.

However, little was known of the nature of

such molecules and the mechanisms by which they effect
cell adhesion.

Most cellular immunologists have

maintained that proteins are the sole molecular species
mediating cell adhesion, possibly interacting in a manner
similar to immunoglobulins.

Cell biologists, on the

other hand, have supported the possibility that both
carbohydrates and proteins,interacting in a lock and
ke~ like manne~ can effect cell adhesion.

Therefore,

this study was undertaken primarily to investigate the
molecular basis of a simple, physiologically relevant
cell adhesion system.

The spontaneously occurring

lymphocyte-macrophage interaction was thought to be a
suitable model for such a study.
7.2

The lymphocyte-macrophage interaction
To quantify the adhesion of lymphocytes to macrophages,

an automated colorimetric assay using the dye rose bengal
was developed.

This method, based on the principle of

the collection assays (see Section 1.3.2.3), was initially
used to confirm the basic parameters of the lymphocytemacrophage interaction.

The study included an investigation

of the kinetics, temperature dependence and specificity of
the interacting cells (Chapter 3).

Subsequent studies with
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heat-killed cells and a range of pharmacological agents
demonstrated that metabolically active macrophages with
a functioning cytoskeleton were e ssential for the cell
adhesion event, all drugs that directly or indirectly
disrupted the cytoskeleton reducing cell adhesion (Chapt e r 6)
Attempts were then made, using the rose bengal binding
assay, to determine the molecular basis of the lymphocytemacrophage interaction .

Initial studies revealed that six

out of the 35 simple sugars tested reduced lymphocyte
binding to macrophages and thus suggested that carbohydrate
recognition may play a role in the interaction .

Because

five of the six inhibitory sugars were charged molecules,
the inhibitory activity of a range of polyanions was
investigated.

Some of the test sulphated polysaccharid e s,

particularly kappa - carrageenan , were shown to be potent
inhibitors of the interaction .

Furthermore, the specificity

of the observed inhibition argued against the possibility
that inhibitory sugars were acting via non-speci f ic
electrostatic effects .
Based on several lines of experimental evidence, it
was then proposed that the lymphocyte-macrophage interactio n
is mediated by lymphocyte surface receptors that speci f ic a lly
bind to kappa-carrageenan like molecules on the macrophage
surface (Chapter 4) .

The evidence consisted of :

(a)

the

ability of kappa-carrageenan, in preincubation experiments,
to only inhibit the interaction at the lymphocyte level,
(b ) the observation that only the splenic lymphocyte
s~bpopulation that expressed kappa-carrageenan receptors
i n teracted with macrophages ,

(c)

the demonstration that

pronase resistant material from macrophages but not
lymphocytes could inhibit the interaction and (d) the

159
detection of kappa-carrageenan specific receptors on the
surface of lymphocytes, these receptors exhibiting similar
binding specificities as the lymo hocyte-macrophage interaction.
Furthermore, these kappa-carrageenan specific receptors on
lymphocytes were detected as haemagglutinins or lectins
in detergent lysates of lymphocytes.
. .
p
Pre 1 1m1nary atteffifs at chemically characterizing the
kappa-carrageenan specific receptors/haemagglutinins
demonstrated that they have a SS sedimentation value on
sucrose gradients.

However , since kappa-carrageenan is a

polysaccharide derived from the cell wall of the red-brown
algae , Eucheuma cottoni i~

a possible murine correlate of

this sulphated polysaccharide on the macrophage surface would
be a glycosaminoglycan.

Obviously, additional studies are

required to chemically characterize the lymphocyte receptor
and carbohydrate acceptor on the macrophage surface.
7. 3

Cell surface receptors for sulphated pol y saccharides:

key recognition molecules in intercellular adhesion?
The studies of the lymphocyte-macrophage interaction
summarized above raised the possibility that sulphated
polysaccharide recognition may play a key role in other
forms of intercellular adhesion .

An extensive search of

the literature provided evidence in support o f this concept.
This evidence can be grouped into three broad categories,
namely ,

(a)

the observation that sulphated polysaccharides

are ubiquitous in multicellular animals and exhibit
immense chemical diversity.

The la~r observation argues

against the generally accepted notion that sulphated
polysaccharides only play a structural role in tissue .
(b)

the demonstration of cell surface receptors for
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sulphated polysaccharides on a range of cell types and
(c) both direct and circumstantial evidence that sulphated
polysaccharides play a role in a range of experimental
cell-cell adhesion system.
7.3.1

Structu r al diversity and ubiquitous distribution of

sulphated poly s accharides in multicellular animals

The salient structural features of the six major classes
of glycosaminoglycans that can be detected in multicellular
animals (GAGs)

are depicted in Table 7.1.

Glycosaminoglycans

are characterized by repeating disaccharide units consisting
of alternating uronic acid or D-galactose (A)

and hexosamine

(B) residues and normally exist in association with proteins
in the form of proteoglycans (Mathews, 1975).
It is apparent from the data in Table 7.1 that GAGs show
high degree of structural diversity, varying in their
monosaccharide constituents, monosaccharide linkages,
degree of sulphation and molecular weight.

An additional

degree of structural diversity, not evident from Table 7.1,
is variation in the sequence of the disaccharide units in
a polysaccharide.

This is especially relevant in heparin

and the heparan sulphates.

In fact, based on the structural

analysis of thirteen heparan sulphates isolated from
different mammalian tissues and species, it was calculated
that 10 36 types of heparan sulphates might theoretically
be found (Dietrich et al ., 1983). As well as there being
organ and species-specific GAG's (Mathews, 1975; Dietrich
et al ., 1977; Toledo and Dietrich, 1977; Keller et al .,

1978), characteristic changes in sulphated GAG production
occurs during organogenesis (Dietrich et al ., 1977), ageing
(Caplan et al ., 1983) and cellular transformation
(Dietrich et al ., 1977; Johnston et al ., 1979).

TABLE 7 .1

Structural features of major classes of glycosaminoglycan

Linkage

Sulphate
Aa

sa

moles/
disaccharide

Position

Hyaluronic acid

GlcUA

GlcNAc

0

-

Chondroitln-4-sulphate
(Chondroltin sulphate A)

GlcUA

GalNAc

0.2-1.0

Chondroitin-6-sulphate
(Chondroitin sulphate C)

GlcUA

GalNAc

Dermatan sulphate
(Chondroitin sulphate B)

IdUA
(GlcUA)
IdUA
GlcUA

Glycosaminoglycan

Heparan sulphate
(Heparltin sulphate)

A

Mot. Wt.
x10-3

B

60-10,000

1-3p

1-4p

B-4-0

1-3~

1-4

0.2-1.3

B-6-0

1 -3 I'>

1-4 ~

S-50

GalNAc

1.0-2.0

B-4-0
(B-6-0)

1-3<L

1-4 ~

S-40

GlcNAc

0.2-3,0

A-2-0
8-6-0
B-N

1-4~

1-4 ~

S-80

2.0-3.0

A-2-0
B-6-0
B-N

1-4 ~

1-4 ,c.

7-30

1 .0-1, 8

A-6-0
B-6-0

1-4 ~

1-3 p

8-12

r

S-50

-Heparin

IdUA
GlcUA

GlcNAc

Keratan sulphate

a

Gal

GlcNAc

A and B refers to monosaccharides mak ing up the repeating disaccharlde unit of the glycosamlnoglycan.
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The observed chemical diversity of sulphated
GAG ' s argues against the generally accepted notion
that GAG ' s only play a structural role in tissues
and has led a number of investigators to suggest
that sulphated GAG's may also play a key role in
intercellular adhesion and the positioning of cells
within o rgans (Mathews, 1975; Dietrich et al .~
1977 , 1983;
1979) .

Keller et al .~ 1978 ; Johnston et al .~

This view is further supported by the

ubiquitous distribution of GAG's, all tissues
that have been examined from multicellular animals
being shown to contain sulphated GAG's (Mathews ,
1975; Cassaro and Dietrich, 1977; Toledo and
Dietrich , 1977;

Caplan et al. 1983) .

Furthermore ,

heparan sulphates have been detected on the surface
of _all animal cells examined (Kraemer, 1971; Kjellen

et al. ~ 1981;

Norling et al. ~ 1981).

On the other

hand, unicellular organisms such as amoeba, yeast
and bacteria appear to lack sulphated GAG, suggesting
that the appearance of sulphated GAGs may represent
an important step in the evolution of multicellular
animals (Cassaro and Dietrich, 1977) .
7 . 3.2

Cell s urface r eceptors f o r sulphated polysaccharides

There are a number of studies which suggest that a
range of cell types express cell surface receptors for
sulphated polysaccharides .

Rat liver cells appear to

specifically bind heparin and heparan sulphates, the
binding being reversible , saturable , time and temperature
dependent and trypsin sensitive.

Inhibition studies

revealed that two receptors, a heparin specific and a
heparin-heparan sulphate cross reactive receptor, are
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involved in this binding event (Kjellen et al ., 1977).
Th~ biochemical nature of these receptors is, however,
unknown.
e t a l.,

Receptors specific for heparin (Glimelius
1978; Glabe et al ., 1983) and fucoidan, a

sulphated polysaccharide of plant origin,

(Glabe et al .,

1983) have been demonstrated on endothelial cells.
Fucoidan specific receptors have also been detected on
the surface of mouse teratocarcinoma stem cells (Grabel
et al ., 1981)

and sea urchin sperm (see Section 1.4.3.2.3),

in both these cases,cell membrane extracts containing the
receptor are strong agglutinins.

The fucoidan specific

receptor from the sea urchin sperm (termed bindin) has
been purified to homogeneity and has been shown to be a
30.5 kd protein (see Section 1.4.3.2.3).

Furthermore,

experimental evidence suggests that bindin initiates the
adh~sion between acrosome reacted sperm and egg surface.
A 50 kd glycoprotein termed baseplate or MAF-receptor
has been identified from cells o f the sponge, Microciona
spp .,as the receptor for the sulphated proteoglycan,
Microciona aggregation factor (MAF), both molecules

implicated in sponge cell aggregation.

However, although

the baseplate has been shown to interact with the
carbohydrate moiety, there is no direct evidence as yet,
that sulphate groups are involved in the binding event
(see Section 1.4.2.1.3).
More recently, a diverse array of specific receptors
for sulphated polysaccharides was reported to be present
on the surface of murine lymphocytes, the receptors
being detected by a rosetting assay (Parish et al ., 1984;
Parish and Snowden, 1985).

Detergent lysates of these

cells were found to strongly haemagglutinate sulphated
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polysaccharide coupled SRBC although heat treatment
(~00°C, 20 min) totally destroyed their HA activity. This
implied

that a protein component is involved in the

receptor activity.

HA-inhibition studies revealed

numerous subsets of receptors with different binding
specificities and only subpopulations of lymphocytes
expressed receptors for some of the polysaccharides.
Preliminary attempts at chemically characterizing these
receptors/haemagglutinins have revealed that they all
have a 5S sedimentation value on sucrose gradient
(Dr C.R. Parish; personal communication), as did the
kappa-carrageenan speci fic lymphocyte lectin postulated
to mediate the lymphocyte-macrophage interaction
(Cha pter 4 ).
Additional studies reported in Chapter 5 of this
thesis demonstrated receptors for sulphated polysaccharides
on the surface of a range of non-lymphoid murine cells
such as macrophages, polymorphonuclear leukocytes, mast
cells and fibroblasts.

Each cell type expressed a

characteristic array of receptors, with inflammatory
peritoneal macrophages expressing a larger repertoire
of receptors than the unstimulated population of
peritoneal macrophages (Chapter 5).

However, biochemical

characterization of these sulphated polysaccharide
receptors is clearly necessary.
Finally, Fransson and his colleagues (1981, 1983)
have demonstrated that heparan sulphates can selfassociate in vitro and have postulated that these molecules
mediate intercellular adhesion via self association of
heparan sulphates on adjacent cells.

However, there is
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no experimental evidence that they do so in vivo .
There is increasing evidence that specific receptors
for sulphated polysaccharides are present on the surface
of a range of cell types.

However, experimental data on

the biochemical characteristics of these molecules is generally
lacking.
7.3.3

Evidence for a role for sulphated polysaccharide

recognition in intercellular adhesion

The notion that sulphated polysaccharide recognition
plays a role in cell-cell adhesion is supported by both
direct and circumstantial evidence from a number of
experimental systems.

The recognition of sulphated sugars,

possibly fucose sulphate, has been implicated in sperm-egg
binding in a diversity of organisms including the brown
algae, Fucus serratus
Ciona intestinalis
Discoglossus pictus

(Bolwell et al .~ 1980), the ascidian,

(Rosati and de Santis, 1980), the amphibian,
(Denis-Donini and Campanella, 1977),

sea urchins (s ee Section 1.4.3.2.3), hamsters (Ahuja, 1982)
and guinea pigs (Section 1.4.3.3.2).
It seems likely that the species specific aggregation
of sponge cells from Microciona spp .

(se e Section 1.4.2.1)

also involves sulphated sugar recognition, a 50 kd
glycoprotein on the surface of the sponge cells (termed
the baseplate or MAF-receptor) interacting with a sulphated
GAG (termed MAF or Microciona aggregation factor ) secreted
by the cells (see Section 1.4.2.1.3).

However, although

the baseplate has been shown to interact with carbohydrates
there is no direct evidence that it binds sulphated sugars.
Sulphated polysaccharides have also been implicated in
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the recirculation of lymphocytes from blood to lymph
via specialized high endothelial venules in lymph nodes
(Ford and Gowans, 1972).

Several studies have shown

that in vivo administration of some sulphated polysaccharides
specifically inhibits lymphocyte recirculation (Sasaki and
Suchi, 1967; Bradfield and Born, 1974) and in vitro
experiments revealed that fucoidan is a potent inhibitor
of the adhesion of lymphocytes to high endothelial venules
(Stoolman and Rosen, 1983).

Using a similar experimental

protocol, the sulphated polysaccharides fucoidan and
heparin/heparan sulphate, respectively, were demonstrated
to affect density-dependent inhibition of growth of
hepatoma cells (Ohnishi et al ., 1975) and angiogenesis
(Folkman et al ., 1983).
Parish and his co-workers have demonstrated that
the interaction of lymphocytes with autologous erythrocytes
is mediated by lymphocyte surface lectins which recognize
sulphated polysaccharides on the surface of autologous
erythrocytes.

Genetic studies have shown that this

interaction is controlled by the major histocompatibility
complex (MHC), lymphocytes preferentially recognizing
MHC compatible erythrocytes (Primi et al ., 1979; Charreire

et al. , 1980; Sia and Parish~ 1981), a finding which
suggests that the MHC may control some forms of sulphated
polysaccharide recognition.

Furthermore, recent studi es

have shown that class II MHC antigens are tightly
complexed with sulphated GAG's in the membranes of cells
(Sant et al. , 1983, 1984).
Finally, in the non-immune interaction between murine
lymphocytes and macrophages, experiments described in this
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thesis have shown that a lymphocyte surface lectin
mediates adhesion by binding to a kappa-carrageenan
like moiety on the macrophage surface (Chapter 4)
In summary, there is considerable evidence
implicating sulphated polysaccharide recognition in
a diversity of cell adhesion systems. This observation,
together with the demonstration of the structural
diversity of sulphated polysaccharides ~n vivo and the
ubiquitous distribution of both sulphated sugars and
their receptors, support

the notion of sulphated

sugars defining specific recognition and/or adhesion
in a large range of cell-cell interactions.
It should be emphasized that both the structure
of the sulphated polysaccharides and the specificity
of the receptors on the surface of an individual cell
would determine the cell's ability to recognize or be
recognized by other cells.

Furthermore, subtle changes

in the sulphated polysaccharides, such as varying the
monosaccharide/disaccharide linkages or position of
sulphation, would be sufficient to completely change
the adhesive behaviour of a cell.

Therefore, a general

molecular model of intercellul ar adhesion based on
sulphated polysaccharide recognition has sufficient
molecular flexibility to accommodate the diversity of
specific cell-cell interactions that occur in vivo .
7.4

A model of intercellular adhesion incorporating a role

for the cytoskeleton
An apparently paradoxical finding reported in this
thesis is that although the lymphocyte-macrophage interaction
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is dependent upon a metabolically active macrophage
(Chapter 6), the detergent solubilized lymphocyte
receptor and macrophage acceptor appear to readily
interact in solution (Chapter 4).

The demonstration

that the macrophage cytoskeleton probably plays a key
role in the adhesion process (Chapter 6) provides a
possible explanation of this paradox.
Figure 7 . 1 presents a two step model for the
lymphocyte-macrophage interaction.

In this model it

is proposed that lymphocytes express a high density of
receptors for kappa-carrageenan and preliminary biochemical
studies suggest that this is indeed the case (Dr C . R. Parish,
personal communication).

In contrast, it is proposed that

macrophages express a much lower density of kappacarrageenan like acceptor molecules.

Thus, the adhesion

prQcess involves an initial, affinity dependent interaction
between the lymphocyte receptor and macrophage acceptor
(Fig . 7.1, Stage 1).

However, the macrophage acceptor

is at such a low density that cell-cell contact is
unstable unless the macrophage cytoskeleton is engaged
and concentrates macrophage acceptor molecules at the
site of cell contact (Fig. 7.1, Stage 2) .

Potentially

this model could accommodate reversible cell-cell contact
as disengagement of the cytoskeleton from acceptor
molecules on the macrophage surface should result in
cell separation.
Figure 7.1 applies to the lymphocyte-macrophage
interaction but an attractive proposal is that the
cytoskeleton functions in a similar manner in other forms

STAGE 0:
FREE

CELLS

STAGE 1:
AFFINITY

DEPENDENT

BINDING

STAGE 2:
CELL(CYTOSKELETON)
DEPENDENT BINDING

Fig. 7.1 A two phase scheme for the adhesion between
lymphocytes (LYC) and macrophages (M¢).
The first
stage involves an affinity-dependent binding that is
mediated by the lymphocyte surface lectin ( Y) and
kappa-carrageenan like molecules ( ! ) on macrophages.
The second stage involves a macrophage dependent
stabilization of the interaction via a cytoskeleton
mediated redistribution of the macrophage acceptor
molecules.
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of intercellular adhesion.

Certainly the inhibition

studies presented in Chapter 6 with pharmacologically
active agents suggest that the cytoskeleton plays a
role in two additional and different cell adhesion
systems, fibroblast-fibronectin adhesion and sponge
cell aggregation.

Figure 7.2 depicts a more general

model of intercellular adhesion.

In this case sulphated

polysaccharide recognition is not specifically indicated
and it is proposed that both interacting cells (A and B)
have a low density of cell adhesion molecules on their
surface.

Thus cytoskeleton mediated redistribution of

both acceptor and receptor molecules is required (Fig.
7.2, stage 2).

Finally, long term adhesion of the two

cells is facilitated by the formation of secondary, nonspecific bonds involving possibly fibronectin, collagen,
anQ gap junctions (Fig. 7.2, stage 3)

(Rauvala, 1983).

Such a model of cell adhesion introduces the concept
that cell adhesion is not solely regulated by the
specificity of the cell adhesion molecules but is also
controlled by the cytoskeleton.

It is conceivable that

this concept can be applied to highly complex f orms of
cell adhesion such as the recognition of target cells by
immune T cells.

In this case, immune T cells are proposed

to recognize and respond to foreign antigens in the
context of self MHC antigens (Zinkernagel and Doherty,
1979).

How T cells can simultaneously recognize self

MHC and foreign antigen but fail to respond to either
self MHC or foreign antigen alone represents a major
theoretical question of present day immunology. However,

CELL A

!

CELL

B

!
STAGE 1:
AFFINITY
BINDING

DEPENDENT

STAGE 2:
CELL{CYTOSKELETON)
DEPENDENT BINDING

STAGE 3:
NON-SPECIFIC
STABILIZATION
OF

ADHESION

Fig. 7.2 A general scheme for intercellular adhesion.
The first stage involves an affinity dependent binding
of cell adhesion molecules on cell A ( i) to receptor
molecules on cell B ( '(). The second stage involves
a cell dependent stabilization of the initial
interaction that is facilitated by the cytoskeleton
of both cells. The final stage involves the formation
of secondary non-specific bonds that mediate long
term adhesion of the two cells (Adapted from Rauvala,
1983).

169

if cytoskeleton mediated redistribution of receptors
is required for cell adhesion then one can propose a
model of T cell recognition where there are separate
T cell receptors with affinities for self MHC and
foreign antigen.

In this model, only the concurrent

recognition of self MHC and foreign antigen by the
T cell receptors will trigger attachment of the
cytoskeleton and the resultant receptor redistribution
and stabilization of target cell binding.

Recognition

of either self MHC or foreign antigen alone would fail
to induce cytoskeleton attachment and therefore cell-cell
adhesion would be aborted.

Such a model allows T cells

to express a low density of cell surface receptors for
self MHC antigens without problems of autoreactivity.
Obviously additional studies are required to validate
th~se concepts but it appears to be an area worthy of
investigation.
7.5

Future areas of research
Several aspects of the present work could be further

investigated to complement or extend the hypothesis
developed in Section 7.4.

The most important area of

investigation would be to biochemically characterize
both the lymphocyte lectin and the pronase resistant
macrophage receptor molecule.

Preliminary experiments

have revealed that the biological activity of the
lymphocyt e lectin is destroyed by pronase and heat, and
the mol ecule has a SS sedimentation value on sucrose
gradients (Chapter 4).

Th e biochemical characterization

of both the acceptor and receptor molecules would provide
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insights into how cell surface macromolecules define
s~ecificity and mediate cell adhesion .
The isolation of the cell adhesion molecules
would also allow a more direct analysis of the in vivo
function of the lymphocyte-macrophage interaction .

In

Chapter 3, it was proposed that the binding of
immunologically competent lymphocytes to macrophages
serves as an initial interaction which allows
lymphocytes to recognize and subsequently respond to
foreign antigens that may be present on the macrophage
surface.

This hypothesis could be tested, for example,

by adding the purified receptor and acceptor molecules
to a one-way mixed lymphocyte culture and then assessing
the affect of these molecules on proliferation,
lymphokine

synthesis/re lease and the production of

alloreactive cytotoxic T cells.
The demonstration of a role fo r the cytoskeleton
in the lymphocyte-macrophage interaction was attained
through indirect, inhibition studies using pharmacologically
active agents.

Direct experiments demonstrating that the

macrophage cytoskeleton is rearranged upon binding of
the soluble lymphocyte lectin would strongly substantiate
this hypothesis, whilst the demonstration of a transient
increase of intracellular calcium in macrophages during
lymphocyte adhesion would provide circumstantial evidence
for the model depicted in Figure 7.1.
Finally, it would be of interest to chemically
characterize the receptors for sulphated polysaccharides
from a range of different cell types, the data in Chapter 5
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demonstrating the ubiquitous cellular distribution of
t~ese receptors .

Parish and his colleagues (1984,1985) have

demonstrated that a large family of protein defined
receptors/haemagglutinins that recognize specific
sulphated polysaccharides are expressed on the lymphocyte
surface .

A comparison of the lymphocyte receptors from

other cell types would test the hypotheses that these
receptors represent a collection of structurally related
molecules which may form a multi-gene family and that
sulphated polysaccharide recognition represents a general
mechanism of intercellular adhesion .

APPENDIX

COLORIMETRIC ASSAY FOR QUANTIFYING BINDING OF
ALLOREACTIVE T LYMPHOCYTES TARGET CELLS
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The standard procedure for measuring antigen
specific T cells is based on the release of 51cr from
labelled target cells (Brunner et al ., 1968; Gardner
and Blanden, 1976).

However, this procedure only

detects cytotoxic T cells (CTL), usually does not detect
class II MHC

antigen· restricted T cells and does not

directly measure the interaction of T cells with target
cell antigens, cell lysis being dependent upon a complex
series of biochemical events which lead to cell death and
5
1cr release. Other procedures, such as lymphokine
release (Gillis et a l ., 1978, Andrus and Lafferty, 1981)
and lymphocyte proliferation (Corradin et al ., 1977) can
detect antigen specific T cells that are not cytotoxic
but again these assays are highly indirect.
A microscopic assay has been developed by Bonavida
and his colleagues (Grimmand Bonavida, 1979; Bonavida
et a l ., 1983) which measures conjugate formation between

alloreactive T cells and target cells.

However, the

assay has the disadvantages that it is time consuming,
often subjective and can only be applied to certain CTL
populations with high avidity binding to target cells.
For these reasons an automated colorimetric assay based
on the dye rose bengal, was developed for quantifying
the adhesion of alloreactive T cells to target cells.
In initial experiments, alloreactive T cells were
generated in a CBA anti-BALB/c mixed lymphocyte reaction
as described in Section 2.14

, the alloreactive T cells

being enriched by passage through a nylon wool column
( see Section 2. 3. 2) .

A neutral red assay for T cell
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cytotoxicity (Parish and Mullbacher, 1983) was performed
o~ each preparation to demonstrate the presence of activated
alloreactive effector T cells.
performed as follows:

The binding assay was

Macrophage monolayers (10 5 /well) were

prepared as described in Section 2.4, whereas spleen cell
monolayers were prepared by incubating 100 µ1/well of spleen
6
cells (2xl0 /ml in Fl5/HEPES)
round bottomed trays

for 30 min at 37°C in 96-well,

(cat. no . 76-013-05, Flow Labs ., Inc.,

McLean VA., U.S.A.). The _trays were then spun at 400~ for
1 min at room ·temperature ( approx. 20 °C) .
20 % heat denatured FCS (15 min,
details)

100 µ1/,;;,ell of

80°C; see Section 2.4 - for

in Fl5/HEPES was added to each well and left to

coincubate with both macrophage and spleen cell monolayer
for a further 2 hours at 37°C.

This treatment reduced the

non-specific binding of the effector cells to the plastic
to less than 5 % of added cells.

The medium and non-adherent

cells were then thrown off, 100 µ 1/well of fresh medium
(Fl5/HEPES/1 % FCS)

added, varying numbers of effector cells

(100 µ1/well) added to each well and the cells left to
interact with the monolayers for 2 hours at room temperature
(approximately 20°C) unless otherwise stated.

Non-adherent

cells were then thrown off and the adherent cells stained
and quantified by rose bengal staining as described in
Section 2.4.

The number of alloreactive T cells bound per

5

well (xlO ) was calculated according to the formula:

T-C
-:;:z-

where T = absorbance values (O.D.) of wells containing
effector cells and target cells (monolayers), C
wells containing target cells alone and Y

= O.D. of

= mean O.D. of

10 5 effector cells (usuall y 0.20-0.25 O.D. unit) . determined in
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each experiment by the procedure described in Section
2 •4 •

Figure l shows the results of a typical binding
experiment with CBA anti-BALB/c alloreactive T cells,
data being presented as either the number of effector
cells bound (Fig. la) or the percentage of effector cells
bound (Fig. lb).

Two cell types, macrophages and

splenocytes, were used as targets.

More effector cells

were observed to bind to allogeneic target cells (BALB/c)
than to syngeneic targets (CBA), although a large
percentage of the effector cells (maximum 78 %) bound to
syngeneic macrophages.

The observed interaction between

the effector T lymphocytes and syngeneic macrophages is
not surprising as it probably represents the spontaneous,
non-immune interaction between these cells previously
described by Lipsky and Rosenthal (1975a,b) and discussed
in detail in Chapter 3.

The binding of effector cells to

syngeneic targets was greatly reduced ( <10 % of effector
cells) when spleen cell monolayers were used whilst specific
binding of effector cells to allogeneic (BALB/c) targets
was retained (approx. 40 %).

Based on these observations,

spleen cell monolayers were used as targets in all subsequent
adhesion assays.
The kinetics of the effector cell-target cell interaction
is presented in Figure 2.

Alloreactive CBA anti-BALB/c

effector cells (Sx10 5 cells/well) were incubated with spleen
cell monolayers for 1-3 hours and the number of effector
cells bound

quantified.

It was observed that increasing

numbers of effector cells bound to BALB/c monolayer with
time, reaching a plateau after 2 hours (approximately

Fig. la. Binding of varying numbers of nylon wool
enriched, alloreactive T cells (CBA anti-BALB/c)
to syngeneic or allogeneic target cells. The
alloreactive T cells were added to either preformed
macrophage monolayers (105/well) (left hand graph)
or spleen monolayers (2xl05/well) (right hand graph)
and allowed to adhere for 2 -hr
at 20°C.
Data are
presented as the number of alloreactive T cells
bound to either syngeneic, CBA ( o) or allogeneic,
BALB/c ( •) target cells. A control of non-specific
binding to plastic is shown ( 6). The vertical
bars represents the standard error of means of three
determinations.
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40-45 % of effector cells) but less than 10 % of the effector
4
cells (i.e. <5xl0 cells /well) bound to syngeneic spleen
cell monolayers even after 2 hours incubation.
Table 1 depicts the effect of temperature on the T
cell-target cell interaction.

In these experiments, spleen

cell monolayers were preformed for 3 hours at 37°C, then
medium added and monolayers allowed to equilibrate at the
experimental temperatures before the addition of effector
cells.

Cells were then incubated for 2 hours at 4°C, 20°c

or 37°C and the adherent effector cells then quantified.
No binding (<5%) of effector T cells to either syngeneic
(CBA) or allogeneic (BALB/c) spleen cell monolayers was
observed at 4°C.

However, effector T cells bound to allogeneic

monolayers at 20?C (30 %) and 27°C (26 %), a -comparable
proportion of effector cells binding at these two temperatures.
On the other hand, less than 10 % of effector T cells bound to
syngeneic (CBA) spleen cells at 20°C and 27°C.

This

experiment demonstrated that the binding of alloreactive
T cells to allogeneic targets is a temperature dependent
process, a finding reported by other workers (Berke et al .~
1975; Grimm and Bonavida, 1979).
A major advantage of using spleen cells to form target
cell monolayers is that spleen cells, especially B
lymphocytes , express class II MHC antigens (i.e. murine
Ia antigens).

Thus, it is possible to quantify the

recognition of class II MHC antigens by alloreactive
T cells.

ATH anti-ATL effector T cells (anti-Ik)

were prepared as described in Section 2.14

and tested

on either ATH or ATL spleen cell monolayers (Fig. 3).

Fig. 3 Binding of varying numbers of class II
MHC antigen reactive T cells to syngeneic or
allogeneic target cells. Alloreactive T cells
(ATH anti-ATL) were incubated with either
syngeneic ATH ( o) or allogeneic ATL ( e) spleen
cell monolayers (2xl05 cells/well) at 20°C for
2 hr.
Results are expressed as the number of
alloreactive T cells bound. The vertical bars
represent standard error of means of three
determinations.
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In contrast to the preferential binding of CBA antiBP..LB/c effector T cells to BALB/c targets, approximately
equal numbers of ATH-anti-ATL effector T cells bound to
both ATH and ATL spleen cell targets (Fig. 3).

This

result was obtained in five of seven experiments performed
and could be attributed to there being a high degree of
cross - reactivity in class II MHC antigen recognition .
However , if this were the case , one would expect a CBA
anti - BALB/c

mixed- lymphocyte-reaction

(MLR)

to induce

syngeneic target cell recognition as this MLR should
induce both class I and class II MHC antigen reactive
. d , ant1-D
. d an d anti. - I d e ff ector
T ce 11 s, 1. . e . , ant1-K
T cells .

A trivial explanation of the results is that

ATH anti-ATL effector T cells are non-specifically ' stic k ing'
to the B lymphocyte monolayers.

However, the specific

binding of CBA anti-BALB/c ef f ector T cells to the monolay e rs
makes this explanation unlikely .

Obviously more work is

required to explain the findings.
Unfortunately, further development of this assay has
been hampered by the instability of the spleen cell
monolayers in 96-well microplates.

Althou gh 96-well,

round-bottomed,tissue-<:ulture trays (cat . no. 76-013 - 05,
Flow Labs . , McLean, VA . , U. S.A.) produc e d ~h e most stable
monolayers , the stability varied with different batches
o f these trays.

Many attempts were made to reduce this

variation and improve the stability of the monolayers
including pretreating the wells with BSA , gelatin , polyL-lysine , poly-L-glutamic acid and phospholipids . However ,
no ne of these treatments significantly improved the
s tability of the monolayers .

Thus , although this assay

Table 1 .

Effective of temperature on conjugate formation
between alloreactive T cells and target cells

% effector
cells bound

Spleen
Targets
4°C

20°C

27°C

CBA

<5

10 + 1

5 + 1

BALB/c

<5

30 + 2

26 + l

Serial dilutions of alloreactive T- cells from a CBA
anti-BALB/c mixed lymphocyte reaction , were incubated
with 3 hour preformed monolayers of spleen cells
(2xl05/well) for 2 hours at 4°C , 20°C and 27°C .
The results are expressed as the mean percentage of
effector cells bound for each titration+ s~e.
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has shown great promise as a rapid, automated means of
studying alloreactive T ·cell-target cell binding, a
method for producing stable target cell monolayers is
required before the potential of this procedure can be
fully realized.
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