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ABSTRA!

Immunocytochemical and electron microscopic techniques have
implicated microglia in the processes of inflammation and
demyelination in the central nervous system (CNS).  The activity of
microglia and other cellular participants in these events is subject to
modulation by the local action of cytokines. Interleukin-1 (IL-1), IL-2,
interferon-y (IFN-y) and tumour necrosis factor-o. (TNFa) have all been
identified in MS brain tissue.

To facilitate the study of microglial functional properties in vitro
an existing procedure for rapid isolation of microglia was further
optomised to improve yields and shorten the isolation time. Isolated
rat microglia produce IL-1 and IL-6 on stimulation in_vitro with
lipopolysaccharide (LPS) and this effect is down-regulated by IFN-y.
Using in vivo microdialysis techniques, IL-1 and IL-6, secreted in
response to injury within the CNS, have been monitored and, on the
basis of immunocytochemical analysis, microglia have been identified
as the likely source of these cytokines.

Functional assays were used to assess the regulatory influence
(inhibitory / stimulatory) of individual or combinations of cytokines on
indicators of microglial antigen presenting and phagocytic capacities in
vitro, these being judged particularly relevant to the processes of
inflammation and demyelination in_vivo. Whilst microglial
phagocytic capacity was sensitive to LPS and a broad range of individual
cytokines (IFN-y, TNFa, IL-1, IL-3, IL-4, GM-CSF, TGFB1), of the
cytokines tested only IFN-y and TGFP1 affected antigen presenting
capacity (MHC class II expression). However the stimulatory effect of
IFN-y on microglial antigen presenting capacity was modulated by

TNFa, IL-4, TGFB1 and LPS. The combined effect of two cytokines
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appears to depend on the sequence in which the cell is exposed to them
and their relative concentrations. Particularly striking was the shift
between an additive stimulatory and a mutually antagonistic effect of
IL-4 and IFN-y on phagocytic capacity when the IL-4 concentration was
increased. Differences in the responses of microglia and peritoneal
macrophages to cytokine treatment indicate that different regulatory
mechanisms operate in these two cell types.

Use has been made of a foetal rat CNS aggregate culture system
with the capacity to myelinate, demyelinate and remyelinate, to
investigate the role of macrophages in and the effect of cytokines on
these processes . This culture system simulates the in_vivo situation in
terms of cell-cell interactions. Enrichment of aggregate cultures with
macrophages enhances the degree of myelination which occurs, while
demyelination is induced in this system by treatment with IFN-y, TNFq,
IL-la and LPS. Interestingly, whilst the extent of demyelination
induced by cytokines is not affected by the presence of greater numbers
of macrophages, antibody-mediated demyelination is more extensive in
these than in normal aggregate cultures. Cytokines may be acting
directly on myelin or oligodendrocytes as well as modulating effector
cell behaviour. The effect of macrophage enrichment on antibody-
mediated demyelination may be indicative of an Fc and/or complement
receptor-mediated mechanism. These results suggest that different

mechanisms operate in cytokine and antibody-mediated demyelination.
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INTRODUCTION

Microglia, the resident macrophages of the brain, have been
implicated in inflammation and demyelination, the two pathological
features which characterise multiple sclerosis (MS). Cytokines detected
in MS tissue are the probable regulators of cellular events during
inflarsmmation and demyelination and may, in the future, provide a
means of influencing the disease course. Questions arise as to the
properties and behaviour of these cells in normal and disease tissue
and the manner in which these properties are regulated by cytokines
and other mediators. To put this study in context, the following are
discussed: inflammation and demyelination in the central nervous
system (CNS), the functions and properties of microglia and their role

in these events and the regulatory influences of cytokines.

1.1 THE CNS AS AN IMMUNOLOGICALLY PRIVILEGED SITE

In healthy animals under normal conditions the CNS contains
few lymphocytes and the major histocompatibility complex (MHC)
antigen is expressed at a very low level (Lampson and Hickey, 1986).
The immunologically privileged status of the CNS (Barker and
Billingam, 1977; Griffin et al, 1984), has been attributed to the blood-
brain barrier (BBB) which restricts the free passage of large molecules
such as immunoglobulins as well as lymphocytes and other cells from
the circulation into the CNS whilst allowing active transport of certain
molecules. The BBB is formed by tight junctions between the

endothelium of the blood vessels (Reese and Karnovsky, 1967). The



BBB is however ‘leaky’ at the circumventricular organs allowing entry
of plasma proteins into the extracellular space. There is also a low
level of lymphocyte trafficking across the BBB and a small number of
these cells are found throughout the normal CNS (Calder et al, 1989).
Clearly the potential for initiation of an immune response within the

CNS does exist.

1.2 MULTIPLE SCLEROSIS: AN AUTOIMMUNE DEMYELINATING DISEASE

Multiple sclerosis (MS) is a relapsing-remitting disease affecting
the mature human CNS. In terms of pathology, MS is characterised by
regions of myelin loss within the white matter. Demyelination at the
site of a lesion is preceded by inflammation. Conduction of signals via
the nerve axons is impaired by myelin loss and it is this irreversible
breakdown of myelin which causes the functional deficit exhibited by
MS patients. Whilst the usual pattern is one of progressive disability
over a matter of years, the disease can follow a benign course in which
there is minimal demyelination. During isolated and shortlived
episodes of acute inflammation there is virtually no demyelination
(Miller et al, 1988). However with persistent or recurrent
inflammation considerable myelin loss can occur. Though the
disability experienced by MS patients is linked to demyelination of
CNS axons, it is possible for extensive demyelination to occur without
evidence of neurological deficit (Vuia, 1987).

The animal model, experimental allergic encephalomyelitis
(EAE) is induced in susceptible animals following active sensitisation
with suitable adjuvants and spinal cord or CNS antigen such as
myelin basic protein (MBP). In contrast, no auto-antigen has as yet

been identified in MS. Depending on the animal and mode of



sensitisation, an acute monophasic or a chronic relapsing-remitting
form of EAE can be induced. In the former case there is evidence of
inflammation but not of demyelination whereas the latter form
exhibits both pathological characteristics (Glynn and Linington, 1989;
Lassmann, 1983). Evidence (reviewed in Calder et al, 1989) supports
the view of EAE as a T cell mediated disease. The initial T cell
response in EAE occurs in the peripheral lymphoid tissue and
activated T cells cross the BBB, the permeability of which is enhanced
by encephalitogenic T cells.

In studies of MS tissue, activated lymphocytes are commonly
identified by the presence of interleukin-2 (IL-2) receptors, detected by
the anti-Tac monoclonal antibody (MADb) (Uchiyama et al, 1981), and
the presence of cytoplasmic or membrane-bound IL-2, detected by the
3.9C2 MADb. Activated lymphocytes have been identified in the
perivascular areas of the brain of acute MS cases (Woodroofe et al,
1986; Booss et al, 1983). Roughly half of the T helper cells found in the
CSF of such patients are activated and in a comparison of activated T
cells in the CSF and blood, their numbers are greater in the former
(Bellamy et al, 1985). This data suggests that, unlike in EAE, cell

activation in MS occurs in the CNS rather than in the periphery.

1.3 INFLAMMATION AND DEMYELINATION IN THE CNS

1.3.1 Evidence that microglia participate in inflammation and

demyelination in vivo

T cells recognise antigen in association with the major

histocompatibility complex (MHC). Immunocytochemical analysis of



MS and EAE tissue reveals that both astrocytes and microglia express
MHC class II antigen (Traugott et al, 1985; Hofman et al, 1986; Hayes et
al, 1987). Whereas astrocytes are negative for class II in normal tissue,
Hayes et al (1987) report constitutive expression of MHC class II on
microglia in normal white matter. Furthermore, in MS tissue,
microglia express increased levels of MHC class II and comprise the
major class II positive population (Hayes et al, 1987). Similarly the
dominant class II positive cells in EAE lesions are of
monocyte/macrophage lineage (Lassmann et al, 1986). The capacity of
perivascular microglial cells to present antigen has been sucessfully
demonstrated in vivo (Hickey and Kimura, 1988). As the major
antigen presenting cells (APCs) in the CNS, microglia may be critical, if
not to the initial T cell activation step, then to presentation of antigen
to T cells at the edge of the plaque (Woodroofe et al, 1986).
Perivascular infiltrates in MS lesions include lymphocytes, plasma
cells and macrophages (Booss et al, 1983; Woodroofe et al, 1986; Esiri
and Reading, 1987). Evidence that the immune response is initiated in
the CNS (Bellamy et al, 1985) does not tell us whether the cellular
participants are in fact infiltrating cells, gaining access to the CNS via a
compromised BBB, or resident cells.

The case for involvement of microglia with the process of
demyelination rests primarily on results of immunocytochemistry and
electron microscopy studies. Prineas and Connell (1978) noted active
demyelination of fibres in contact with reactive microglia. Microglia
packed with myelin debris are observed at the edge of demyelinating
lesions. However these brain macrophages are not only involved in
clearing-up and degrading myelin membrane fragments but also, it
appears, in the initial stages of myelin damage. Processes of

mononuclear cells appear to be peeling off and phagocytosing the



outer lamella of the myelin sheath. The phagocytosed myelin is
contained within coated pits which suggests that uptake is receptor-
mediated (Epstein et al, 1983). Various ways in which microglia /
brain macrophages might mediate myelin or oligodendrocyte damage,

are proposed on the basis of evidence from in vitro experiments using

tissue explants or mixed glial cell cultures as well as in vivo studies.

1.3.2 Demyelination in EAE

EAE can be induced in rats and guinea-pigs by injection of a
crude brain/spinal cord homogenate with complete Freund’s adjuvant
(CFA) (ie. CNS/CFA). In this form of the disease there is little
demyelination in the CNS. In contrast in the disease induced by
purified myelin basic protein (MBP) and CFA injection (MBP/CFA),
there is evidence of perivascular demyelination, as well as oedema
and leukocyte infiltration (Lampert and Kies, 1967). Much of the work
concerned with the processes and mechanisms of demyelination has
made use of this model (reviewed by Glynn and Linington, 1989).

Two principal events in demyelination in EAE have been
described. Firstly, macrophages appear to be stripping the myelin
sheath. Their processes, infiltrating underneath the outer lamella
appear to peel it away and phagocytose it (Raine, 1984). The second
commonly observed feature is vesiculation and swelling of sheaths
(Dal Canto et al, 1975). With splitting of the sheath, lamellae form
vesicles which are broken down into extracellular fragments and
phagocytosed by macrophages. The periodicity of the normally
compacted lamellae of the sheath increases and the interlamellar space
is continuous with the extracellular space (Glynn and Linington, 1989).

Mononuclear cells are always present at sites of vesiculation and



swelling of the myelin sheath. The marked absence of cellular
organelles in the processes of these cells suggests that lysis of myelin
may be caused by macrophage secretions. Similar effects are observed
in vitro on treatment of myelinated cultures from neonatal rat CNS
with sera from CNS/CFA-immunised animals (Bornstein and Appel,

1961). In another in vitro study, using CNS explants, rapid migration

of macrophages and their association with the myelin sheath was

observed on treatment with this sera (Yonezawa et al, 1976).

1.3.3 Macrophage function in myelin damage / demyelination

Clearly, on the basis of in_vivo and in_vitro evidence,
macrophages play an important part in the process of demyelination,
being involved in the extracellular destruction of the sheath as well as
the clearing-up of debris. Brain macrophages, including those
recruited from the circulation and activated microglial cells, express
receptors for the Fc portion of IgG (FcR) (Perry et al, 1985) and binding
via this receptor to the antibody-coated myelin sheath will activate
phagocytic responses. Brain macrophages also possess type 3
complement receptors (CR3) (Perry et al, 1985) and may interact with
C3b-opsonised myelin membrane. Binding of C3b to the CR3 receptor
leads to activation of the macrophages. Other potential macrophage
activators are locally produced cytokines including interferon-y (IFN-y)
produced by the activated T cells and tumour necrosis factor (TNF) and
interleukin-1 (IL-1) produced by macrophages / microglia and
astrocytes. Fc receptor binding also activates the macrophages, and
apart from inducing phagocytosis, it induces the respiratory burst with
release of reactive intermediates (Wright and Silverstein, 1986).

When anti-CNS sera is decomplemented before addition to explant



cultures, instead of the usual demyelination there is merely myelin
swelling though the myelin is coated with antibody (Johnson et al,
1979), suggesting that the major signal for macrophage activation and
demyelination is complement rather than Fc receptor binding.
Similarly whilst demyelination occurs in foetal rat brain aggregate
cultures on treatment with anti-MOG antibody and complement, in
the absence of complement anti-MOG fails to induce demyelination
(Kerlero de Rosbo et al, 1990).

Macrophages have the capacity to secrete a barrage of soluble
substances which are potentially destructive of myelin just as they are
of the more usual targets of foreign organisms, virally-infected cells
and tumour cells. Activation of macrophages, whether by cytokines,
C3b binding or Fc receptor ligation, unleashes some of these agents
which include reactive oxygen intermediates (superoxide anion,
hydrogen peroxide), nitric oxide, proteases, lipases and cytokines (TNF-
o, IL-1, IL-6) (Colton and Gilbert, 1987; Zielasek et al, 1992; Giulian et al,
1986a; Woodroofe et al, 1991). Superoxide (O2"") causes membrane
damage by lipid peroxidation and reacts with hydrogen peroxide
(H203) to form the hydroxyl radical ((OH). Nitric oxide (NO) is
potentially damaging itself but it also reacts with superoxide to form
peroxynitrite (ONOO-) and subsequently the highly reactive hydroxyl
radical (Hogg et al, 1992). These products are strong oxidising agents
and as such could considerably affect the stability of the myelin
membrane. The demyelinative potential of reactive oxygen
intermediates has been demonstrated in vivo in the periphery
(Hartung et al, 1988).

Phospholipase Az (PLA3), another product of activated
macrophages, effectively degrades myelin in vitro at pH 4.5. However

at higher pH values , such as those found in vivo, this enzyme is



ineffective. Lactic acid, another macrophage product, secreted into the
extracellular space may however temporarily lower the pH thereby
permitting attack of the myelin sheath by PLA> (Glynn and Linington,
1989). There is some evidence also that proteases such as plasminogen
activator and neutral metalloproteases secreted by activated
macrophages may contribute to extracellular degradation of myelin
components (Glynn and Linington, 1989). TNF (one of the cytokine
products of macrophages) is myelinotoxic in organotypic cultures,
perhaps by direct action on the myelin or axonal membrane (Selmaj
and Raine, 1988; Brosnan et al, 1988). The result is that the myelin
sheath is abnormal but not actually degraded. Other cytokines such as
IFN-y (produced by activated T cells) may be involved in the processes
of demyelination. IFN-y injected into the subarachnoid space of rat
brain potentiates the demyelinative effect of co-injected anti-MOG
(Vass et al, 1992). The mechanism by which IFN-y enhances antibody-
mediated demyelination in this case is unclear but the activation of
macrophages is a possibility.

Having broken down the myelin sheath into ‘bite-sized’ pieces
with various secreted agents, macrophages may then engulf the
fragments by receptor-mediated phagocytosis (FcR and CR3) and in
fact, electron microscopy reveals the presence of phagocytosed myelin

within coated pits and vesicles (Epstein et al, 1983).

1.3.4 Other mechanisms of myelin damage

Complement is an absolute requirement for antibody-mediated
demyelination of CNS explants by chronic relapsing EAE (CREAE) sera
(Bradbury et al, 1984). Apart from its role in opsonisation of myelin

membrane and activation of macrophages, complement is involved in



other aspects of myelin damage. Activation of complement on the
myelin surface leads to generation of complement membrane attack
complexes (MAC) which form tiny pores in the lamellae (Podack and
Tschopp, 1976). Myelin will activate C1 to formation of and binding of
MAC in vitro in the absence of antibody. The pores created by MAC

are sufficiently large (30-100 A diameter) to permit entry of
extracellular fluid and ions into cytoplasmic spaces in the myelin
sheath. Proteases and other macrophage secretory products gaining
access to the cytoplasmic proteins and Ca2+-dependent
phospholipases, believed to be located on the cytoplasmic side of the

myelin membrane, could be activated by the increased Ca2+

concentration. Thus the sheath could be subject to attack from the

cytoplasmic side as well as the extracellular attack.

1.3.5 The role of microglia in inflammation in the CNS

Based on evidence described previously it seems likely that
microglia function as the chief APC of the CNS. These cells are also
sources of inflammatory cytokines (TNFa, IL-1 and IL-6). Injection of
IFN-y or TNFa into the spinal cord of healthy rats results in severe
episodes of inflammation and perivascular cuffing (Simmons and
Willenborg, 1990). Besides cytokines, microglia / brain macrophages
secrete various cther inflammatory mediators.

Both microglia and astrocytes are capable of producing
arachidonic acid metabolites, termed eicosanoids. These include
prostaglandins and thromboxanes derived from the cyclo-oxygenase
pathway and leukotrienes and hydroxyeicosatetraeinoic acids (HETEs)
generated by the lipooxygenase pathway (Hartung et al, 1992). These
arachidonic acid derivatives are induced by LPS, IL-1f and TNFa



stimulation and are involved in generation and maintenance of
inflammatory responses - functioning as chemoattractants for
neutrophils and monocytes / macrophages; enhancing adherence of
platelets and leukocytes to the endothelium; enhancing vascular
permeability and promoting oedema; regulating T and B lymphocyte

and macrophage activities (Hartung et al, 1992).

14 MICROGLIA - THE RESIDENT CNS MACROPHAGE

In view of the evidence supporting a role for microglia in both
inflammatory and demyelinating events in the CNS, further
investigation of the functional properties of these cells is warranted.
The nature of these cells, their ontogeny and functions in the CNS is

discussed below.

1.4.1 Macrophage populations of the brain

A number of resident macrophage populations have been
identified in brain tissue. The most extensively studied and largest
population of brain macrophages is the microglia. Other putative
macrophage populations including supraependymal macrophages,
epiplexus cells and meningeal macrophages (reviewed in Jordan and
Thomas, 1988) are of very limited distribution. Indeed the chief
distinction between microglia and other brain macrophages is one of
location, and it is unclear whether these cells constitute distinct
populations or are part of a spectrum of morphologies adopted by a

single macrophage population which includes resting microglia.
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1.42 Microglia - the major resident macrophage of the brain

Microglia were first recognised as a morphologically distinct cell
population in the brain by Rio Hortega (1932). There has always been
some debate concerning the origin of these cells. Rio Hortega and
others since believed them to be part of what is now termed the
mononuclear phagocyte system, deriving perhaps from monocytes.
An opposing camp held that microglia were neuroglial cells derived
from the neuroectoderm (Fujita et al, 1981; Oehmichen, 1982). With
recent improvements in immuocytochemical techniques and the
availability of specific antibodies to cell markers, the evidence
available appears to support a monocytic origin of microglia (Perry et
al, 1985; Perry and Lund, 1989; Ling et al, 1982).

In studies using bone marrow chimeras the hematopoietic
progenitor cells in an animal’s bone marrow are destroyed by
irradiation and replaced by transplanting bone marrow from a donor
animal.  There being differences in the major histocompatibility
antigens of donor and recipient animals, this antigen can then be
traced in the chimeric animal (Hickey and Kimura, 1988).
Immunocytochemical analysis shows that donor cells, shown to enter
the CNS, adopt the morphology of microglia (Hickey and Kimura,
1988). Since rat microglia normally express barely detectable levels of
MHC antigen, it is usually necessary in such experiments to upregulate
expression, for example by inducing a graft versus host reaction.

One of the major arguments against a monocytic origin for
microglia was based on the absence of common cell markers.
Microglia were not labelled with antibodies which stained monocytes
and other macrophage populations (Oehmichen et al, 1979). However

tissue macrophages are heterogenous and it is not unusual for there to
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be differences in the expression of antigens on resident macrophages
and activated macrophages or monocytes. With the development of
more antibodies specific to cell markers it is apparent that microglia
share a number of markers with other macrophage populations,
including Fc receptors, F4/80 (macrophage-restricted) antigen on
mouse, complement type 3 receptors and leukocyte common antigen
(leukocyte-restricted).  Perry et al (1985) traced the F4/80 marker
through various morphological stages from monocytes invading the
CNS to microglia in the adult. Fc and complement type 3 receptors
are also retained during this conversion.

Further evidence that microglia derive from monocytes comes
from experiments in which embryonic mice retinas are transplanted
into the midbrain of newborn rats. The transplants become integrated
to a degree such that functional neuronal connections are formed
(Klassen and Lund, 1987). Under these circumstances it is observed
that all the microglia in the transplant have originated from host
leukocytes and macrophages, i.e. host monocytes have invaded the
mouse tissue and differentiated into microglia (Perry and Lund, 1989).

It is now thought that monocytes invade the CNS during the
late embryonic and early post-natal period, both before and after
development of the vascular system (Jordan and Thomas, 1988).
From the results of Hickey and Kimura (1988) using bone marrow
chimeras, there appears to be some chemotactic signal released by
dying microglia or by cther cells in the CNS. Microglia in the adult
have a very slow turnover rate (Schultze and Korr, 1981; McCarthy
and Leblond, 1988). Movement of monocytes into the developing
CNS also appears to occur despite the intact BBB and again some signal
must be involved in the recruitment of monocytes from the

circulation, though the nature of this is uncertain. Such a signal may
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be one of those inducing proliferation and neuronal growth or may be
released by dying cells (as perhaps is the case in incidents of brain
trauma in the adult). There is in fact a correlation between natural cell

death and invasion of the CNS by monocytes (Perry et al, 1985).

1.4.3 Microglial cell morphology and general properties

Two principal forms of microglia have been described. So-
called “ramified” microglia are small oval cells with a variable
number of long, branching processes. ~They have little cytoplasm,
containing a number of inclusion bodies (possibly lysosomes). These
cells appear during the late post natal period and persist through adult
life. They are located in intestitial spaces among neuronal somata and
glia and in regions of fibres and neuropil. Though they are ubiquitous
and tend to form regular arrays, their distribution is not entirely
uniform. They are typically present in greater numbers in gray matter
than in white matter (Perry and Gordon, 1988). Lacking hydrolytic
enzymes and the ability to engulf particles (Oemichen, 1983), ramified
microglia are commonly considered to be quiescent. Perhaps the most
striking feature of ramified microglia is their large surface area [up to
7x that of a typical Kupffer cell in the liver (Lawson et al, 1990)]. Thus,
despite the apparent qﬁiescent nature of ramified microglia
considerable resources must be employed in maintaining the plasma
membrane. Cammermeyer (1970) suggested that this unique
morphology results from adaptation of the cell to make use of limited
extracellular space. =~ However, recently Perry and Gordon (1991)
proposed that this morphology may arise to maximise binding of

receptor(s) on the microglial cell to ligand(s) in the CNS.
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Amoeboid microglia are morphologically similar to monocytes
and macrophages (Oemichen, 1983; Ling, 1981). They are irregular,
possessing pseudopodia and thin filopodia - like processes but not the
long branching processes of ramified microglia. They have many
cytoplasmic vacuoles and lysosomes, and, in contrast to ramified
microglia, they have considerable phagocytic and secretory capacities
(Giulian and Baker, 1986). Amoeboid microgiia appear in the CNS
during late embryogenesis, at sites of axonal growth and glial
proliferation, and disappear by the late postnatal period. They
reappear in adults at times of brain trauma (Brierley and Brown, 1982;
Murabe and Sano, 1982). Evidence suggests that amoeboid microglia
are the principal scavengers on the brain during neuropathological
conditions (Ling, 1981; Oemichen, 1983).

There are reports of another transient microglial form termed
‘reactive’ (Murabe et al, 1981) which has been associated with injury.
These cells have been described as small, round/rod-shaped with
membrane ruffles but no processes, pseudepodia or filopodia and
containing lipid vacuoles and lysosomes. However the distinction
between reactive and amoeboid microglia is disputed and may only be
temporal; many investigators use these terms interchangeably.
(Reactive and amoeboid microglia are assumed to be one and the same
for the purposes of this discussion.)

Another area of dispute is the relationship between ramified
and amoeboid microglia. There is evidence that amoeboid microglia
convert into ramified microglia in vivo during the postnatal period

(Ling, 1981; Murabe and Sano, 1982) and in vitro (Giulian and Baker,

1986). This is consistent with the view of amoeboid microglia as a
phagocytic cell involved in tissue modelling in the developing brain

and ramified microglia as the resting state in adult brain. However
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the question is, do the amoeboid/reactive cells evident on injury to
the brain, derive from ramified cells (i.e. a reversal of the post-natal
process) or some other precursor such as circulating monocytes?
Support for the conversion of ramified to amoeboid microglia is found
in the work of Brierley and Brown (1982) but this is contradicted by
Murabe and Sano (1982) who suggest that a precursor other than the
ramified microglia gives rise to amoeboid/reactive microglia which,
after playing its part in the response to injury, then converts to the
ramified form. Evidence that numbers of ramified microglia increase
at the site of injury (Giulian, 1987, Woodroofe et al, 1991) supports
either or both of these scenarios and it has been proposed that in fact a
likely explanation is the interconversion of ramified (quiescent) and
amoeboid (reactive) forms according to the tissue status (Jordan and
Thomas, 1988). Chamak and Mallat (1991) report that in_vitro the
differentiation of amoeboid microglia towards a ramified, resting
phenotype is encouraged by the presence of fibronectin. This effect is
reversed by laminin or serum. Thus the balance of these extracellular
matrix proteins may influence the morphological changes observed
during development or on occasion of injury. Furthermore these
findings suggest that undefined serum components, gaining access to
the CNS via a leaky BBB, could also influence the activation /
differentiation state of microglia. The exact inter-relationship of the

different microglial forms requires further clarification.

1.4.4 Role of brain macrophages in the developing CNS

Macrophages have been observed in the process of
phagocytosing dying cells, however there is no evidence that

macrophages contribute to death of neurons or glia despite the in
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vitro demonstration of respiratory burst activity (Perry et al, 1985).
Amoeboid microglia may aid tissue modelling and organisation in the
developing brain by engulfing misplaced axons or transient axons
which are retracted once they have served their purpose (Innocenti et
al, 1983 a,b; Perry and Gordon, 1991). It would appear that microglia /
macrophages are capable of removing axons without causing the death
of the neuronal cell body.

The extracellular matrix of immature brain contains
components which are absent in the adult brain (Cohen et al, 1986).
Proteinases secreted by macrophages may be responsible for the
degradation of these after they have served their purpose. In_vitro
stimulated amoeboid microglia produce TNFa and IL-1, inducers of

astrocyte proliferation in vivo and in vitro (Selmaj et al, 1990; Giulian

et al, 1986a,b; Giulian et al, 1988). Phagocytosis of debris may activate

amoeboid microglia in vivo to likewise produce these cytokines and

hence induce astroglial proliferation. = TNF and IL-1 may also

stimulate angiogenesis (Leibovich et al, 1987). PMacrephages-are-alse-

Thus by virtue of their powerful phagocytic capacity and their

wide array of secretory products, amoeboid microglia and other

macrophages may play an important part in development of the CNS.

1.4.5 Role of brain macrophages in the response to CNS injury

Penetrative injury to the adult CNS provokes a rapid
accumulation of inflammatory cells (Ling, 1981; Giulian, 1987). This

is followed by the development of a ‘gliotic’ scar, a dense network of
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astroglial processes (Latov et al, 1979). Such a wound involves
damage to the BBB and one of the earliest responses is the recruitment
of monocytes and polymorphonuclear cells from the circulation. A
large proportion of the inflammatory cells surrounding the lesion site
are of microglial origin (Woodroofe et al, 1991) and these, along with
infiltrating cells, are the likely source of IL-1 and IL-6 detected at the
wound site (Woodroofe et al, 1991; Giulian and Lachman, 1985).
Restoration of the BBB must be of crucial importance following a
penetrative injury. This makes the observation of Giulian and co-
workers (1988a), that injection of IL-1 into mammalian brain induces
both astrogliosis and neovascularisation, particularly interesting.
Astrocytes will also proliferate in vitro in response to IL-1 (Giulian and
Lachman, 1985). Thus evidence suggests that microglia and
infiltrating macrophages, as potent sources of IL-1-and other cytokines,
play an important part in the response to injury, inducing astrocyte
proliferation and regeneration of damaged vasculature. Aside from
this, microglia / macrophages are probably responsible for removal of
debris from the wound site. In vivo administration of colchicine
which among other effects reduces the number of mononuclear
phagocytes at the site of a penetrative wound, results in a slower rate
of clearance of debris and a reduction of both astrogliosis and
neovascularisation (Giulian et al, 1988a).

Where a nerve fibre is damaged, axons which have been
separated from their cell body, and the myelin sheaths of these axons,
degenerate. This is termed “Wallerian degeneration”. In such a case
damage to the BBB is limited to the site of injury (not along the full
length of the degenerating axons) and recruitment of monocytes from
the circulation occurs at a much lower level than in instances of stab

wounds. There are however activated microglia along the length of
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the degenerating fibre (Perry et al, 1987). The inability of most CNS
axons to regenerate has been linked to oligodendrocytes and the
presence of proteins in myelin which inhibit growth of axons (Caroni
and Schwab, 1988 a, b; Schnell and Schwab, 1990). It is postulated that
clearance of myelin debris from the degenerating fibre would aid
regrowth of axons, however activation of resident macrophages, with
this aim in mind, may be counter-productive since subsequent

astrogliosis may inhibit axonal regrowth (Reier, 1986).

1.4.6 Properties of microglia / brain macrophages relevant to

demyelination and inflammation

From the discussion of mechanisms of demyelination and of
the process of inflammation, particular characteristics of microglia are
of interest in an investigation into the role of microglia in these
events. Clearly the phagocytic capacity of microglia (FcR and CR3
expression), secretion of reactive oxygen intermediates and cytokines
etc. are properties which are especially relevant to the process of
demyelination. Similarly the capacity of these cells to present antigen
and produce cytokines is of interest in considering their role in

inflammation in the CNS.

1.4.6.1 Phagocytosis

For most tissue macrophages their chief functions as effector
cells in the response to injury and infection and in development and
tissue homeostasis, rely heavily on their phagocytic capabilities and it
is this property which largely characterises macrophages. Giulian and
Baker (1986) observed a dramatic reduction in the phagocytosis of latex

beads by microglia in_vitro on differentiation from an amoeboid to a
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‘process-bearing’ form which approached that of ramified microglia in
vivo. This is an example of ‘non-specific’ phagocytosis ie. it is not Fc
or complement receptor mediated and occurs in the absence of IgG or
complement (C) (Oehmichen, 1982). In contrast phagocytosis as
mediated by these receptors has a requirement for IgG and/or
complement. This has been termed ‘immunological’ phagocytosis by
Oehmichen (1982) and is often studied using antibody- or
complement-coated targets such as erythrocytes.

Oehmichen (1982) reports little evidence of Fc and complement
receptor-mediated phagocytic capacity in the parenchyma of healthy
mature brain tissue. However this activity was demonstrated in cells
within the subarachnoid and perivascular spaces and in the lateral
ventricles (Oehmichen, 1976). In contrast to Oehmichens’s
observations, Perry et al (1985) identified Fc and CR3 receptors on the
cell surface of microglia in normal brain. Fc and complement
receptor-mediated phagocytosis by microglial cells is observed in
instances of brain injury (Oehmichen, 1982), as in active multiple
sclerosis plaques (Nyland et al, 1980) and in the developing CNS (Perry
and Gordon, 1988). Many such studies have employed IgG-coated
erythrocytes (EA) and IgG and complement-coated erythrocytes (EAC)
for detection of Fc and C receptors.

Macrophages which are phagocytically active usually contain
lysosomes. However in resting microglia these are scarce and acid
phosphatase activity (a lysosomal marker) is weak (Oehmichen, 1982).
Consequently resting microglia have been assumed phagocytically
inactive (Cammermeyer, 1970). In contrast amoeboid (reactive)
microglia which increase in number in the damaged CNS do contain
lysosomes and strong acid phosphatase activity (Oehmichen, 1982) and

are phagocytically active (Perry and Gordon, 1988). Thus microglia
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respond to injury to the CNS by conversion from the quiescent non-
phagocytic form to the highly phagocytic amoeboid form.

A number of in vitro studies have been performed using amoeboid

microglia. The observations of Giulian and Baker (1986), mentioned
above, bear out the apparent relationship between differentiation state
and activity noted in microglia in situ. Microglia in_vitro have

been shown to express Fc receptors (Woodroofe et al, 1989; Loughlin et
al, 1992) and complement receptors (Suzumura et al, 1987; Frei et al,
1987). Expression of these receptors is subject to modulation by a wide
range of cytokines (Loughlin et al, 1991), reactive oxygen metabolites

(Gresham et al, 1988) and immune complexes (Mannhalter et al, 1986).

(@)  Fcreceptors (FcR)

Binding of particle-bound immunoglobulins to macrophages
initiates not only phagocytosis of the particle but the simultaneous
secretion of peroxide and arachidonate metabolites. Fc receptors have
been referred to as ‘unregulated receptors’ as binding constitutively
and immediately elicits these responses (Wright and Silverstein, 1986).

In humans, FeyRI, II, and III (analogous to FcyRI, IIb and IIa
respectively in rodents) comprise the group of receptors which
recognise IgG (reviewed by Kinet, 1989). FcyRI has a high affinity for
monomeric IgG. FcyRII and III have a low affinity for monomeric IgG
but can bind immune complexes by multiple receptor-ligand
interactions. FcyRI, II and III and the analogous rodent receptors are all
monomeric and contain a transmembrane domain (though a form of
FeyRIII exists in humans which lacks this domain). The high affinity
receptor for IgE (FcegRI) contains three subunits. There is also a low-
affinity receptor for IgE (FceRII) (Kinet, 1989). The use of IgG-opsonised

erythrocytes for analysis of FcR expression does not permit distinction
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between subtypes of FcyR. However there are numerous studies in
which FACS analysis is used to distinguish between subtypes.
Unligated Fc receptors diffuse rapidly in the plane of the plasma
membrane and do not appear to be linked to the cytoskeleton (Michl et
al, 1983). There is evidence to suggest that there is an initial influx of

Nat on ligation of FcRII (Wright and Silverstein, 1986).

(b) Complement receptors (CR)

CR1 and CR3 both recognise cleavage products of C3, namely
C3b and C3bi respectively. In contrast to Fc receptors , ligand binding
to CR1 and CR3 does not automatically induce phagocytosis, there
being inactive and active states of these receptors. Ligation to the CR1
or CR3 receptor initiates phagocytosis but unlike the Fc receptors there
is no release of peroxide or arachidonic acid (Wright and Silverstein,
1986).

The ability of CR3 receptors to promote phagocytosis has been
correlated with their mobility in the plane of the plasma membrane
(Wright and Silverstein, 1986). C3 (CR1 and CR3) receptors on resident
peritoneal macrophages are inactive and relatively immobile.
However cytokine treatment activates the receptors and the resultant
phagocytosis correlates with the increase in receptor mobility observed.
CR1 and CR3 on unstimulated human monocytes and macrophages
are mobile but not active indicating some other requirement for
activation of these receptors. The switch to the active state can be
induced by for example T cell derived factors, fibronectin or phorbol
esters binding to the respective receptors (Griffin and Griffin, 1979;
Wright et al, 1983; Wright and Silverstein, 1982), perhaps by a

reversible phosphorylation or methylation of the complement
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receptor. Continuous presence of the activating factor is necessary,

activation occuring within 10 minutes in murine and human cells.

Though ligation of both Fc and C3 receptors promotes phagocytosis,
release of reactive oxygen intermediates and arachidonate metabolites
occurs only on Fc receptor ligation. Binding of the Fc portion of
immunoglobulin to the receptor, rather than the event of phagocytosis
itself, appears to be the signal for release of these products. The fact
that Fc and C3 receptors have one but not all responses in common
raises an interesting question concerning the signalling systems which
bring about these responses. Either the two receptors share a common
messenger system for induction of phagocytosis in which case Fc
receptor ligation must induce a second signal for release of superoxide
etc.; or there are two distinct signalling mechanisms which produce
the phagocytic response, one of which also induces secretion of
reactive products. This second possibility is supported by evidence that
macrophages adopt different morphologies during phagocytosis of IgG-
and C3-coated targets (Kaplan, 1977).

1.4.6.2 Antigen presentation

With increasing evidence challenging its immunologically
privileged status, considerable effort has been put into identification of
the potential antigen-presenting cells (APC) in the brain. The presence
of APCs would be a prerequisite for initiation of an immune response
within the CNS, as T cells recognise antigen in association with the
MHC class II molecule. Candidates for the role of APC in the brain
have included endothelial cells, astrocytes and microglia. In vitro
studies indicate that MHC class II can be induced (in particular by IFN-

Y) in all three of these cell populations (Male et al, 1987; Frohman et al,
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1988; Suzumura et al, 1987; Woodroofe et al, 1989). IFN-y-treated
astrocytes and microglial cells sucessfully present antigen to class II-

restricted antigen-specific T helper cells in vitro (Fontana et al; Fierz et

al, 1985; Frei et al, 1987). In in vivo-mimicking conditions (IFN-y at

less than 100 U/ml), Matsumoto et al (1992) have demonstrated that
whereas isolated microglia will present MBP to T cells, astrocytes in
fact suppress T cell proliferation. They further observed that primary
mixed glial cell cultures, consisting largely of astrocytes and mizroglia,
only had weak antigen presenting capacity and they suggest that
despite their capacity to present antigen, microglia in vivo may fail to
do so.

Immunocytochemical studies to assess expression of MHC class
II in brain have also been performed. MHC class II antigen has been
detected on both astrocytes and brain macrophages in multiple
sclerosis (MS) and in experimental allergic encephalitis (EAE)
(Traugott et al, 1985; Hofman et al, 1986; Hayes et al, 1987). The
immunocytochemical evidence supporting a role for microglia as an
antigen presenting cell has already been discussed (1.3.1). Together

with the considerable in vitro evidence, these findings suggest a role

for microglia in antigen presentation in vivo.

1.4.6.3 Microglia secrete cytokines

Stimulated microglia produce IL-1, IL-6 and TNFa in vitro
(Woodroofe et al, 1991; Giulian et al, 1986a). IL-1 and IL-6 production
is detected during viral infections (Frei et al,1989; Le and Vilcek, 1989)
and TNFa and IL-1 have been identified in MS brain tissue (Hofman
et al, 1989; Wucherpfenig et al, 1991). Astrocytes also produce IL-1 and
TNF in vitro but at much lower levels than microglia are capable of

(Giulian et al, 1986a; Sawada et al, 1989).
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Immunocytochemical evidence suggests that IL-1 and IL-6 detected
in the brain following mechanical trauma is produced by microglia
rather than astrocytes (Woodroofe et al, 1991; see chapter 2). IL-1 in
particular plays an important part in initiation of an immune
response. By the nature of the cytokine network a cascade of events
can arise from the production of a single cytokine. IL-1 produced at a
stab wound is mitogenic for astrocytes. The resultant astrogliosis is an
important part of the CNS response to injury. Cytokines in the brain
affect normal functions as diverse as sleep (Krueger et al, 1984) and
food intake (McCarthy et al, 1985).

Clearly as a potential source of cytokines in the CNS, microglia may
function as part of the homeostatic mechanisms as well as in response
to various insults. Of course microglia are themselves subject to
regulation by the prevailing cytokines and their functional properties
discussed here (including cytokine production) are modulated by

cytokines in vitro and by extrapolation in vivo.

1.4.6.4 Microglia are capable of producing nitric oxide and superoxide

In vitro stimulation of microglia with lipopolysaccharide (LPS; a
component of bacterial cell walls) or IFN-y results in the production of
nitrite, one of the products of the nitric oxide (NO; N=0O-) pathway,
commonly used as a measure of its activity (Zielasek et al, 1992).
Similarly IFN-y stimulation of microglia increases production of
superoxide anion by these cells (Woodroofe et al, 1989).

Nitric oxide is a relatively unstable radical, being highly susceptible
to oxidation. Small amounts of nitric oxide produced constitutively
play a part in normal physiological functions such as vasodilation in
the periphery. Activation of cells during infection by foreign microbes

or parasites or in the presence of tumour cells induces production of
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larger amounts of nitric oxide by means of an inducible NO synthase
enzyme. In these circumstances nitric oxide is toxic to the foreign
bodies and tumour cells, however it may also damage healthy tissue.
Nitric oxide may also have immunoregulatory roles (Kolb and Kolb-
Bachofen, 1992).

Superoxide anion (O,”) and hydrogen peroxide (H202) are
highly reactive oxygen intermediates produced by monocytes,
macrophages and neutrophils. Superoxide production has been
demonstrated in microglia in culture (Colton and Gilbert, 1987;
Woodroofe et al, 1989) but there is as yet no evidence that microglia
produce superoxide anion in vivo. Reactive oxygen intermediates
produced in vivo may protect against infective organisms in the CNS
however, like nitric oxide, they may also have deleterious effects on
healthy CNS tissue. The potential of superoxide to damage peripheral
tissues such as the lung has been demonstrated (Fox, 1984).

Although the production of superoxide and nitric oxide in _vivo
by microglia remains to be demonstrated, one is tempted to suggest
that through these products microglia may not only function as part of
the defence against invading organisms and tumour cells but also in

initiating autoimmune diseases such as multiple sclerosis.

1.5 CYTOKINES - an introduction

The cells which participate in inflammatory and demyelinative
events in the CNS are subject to regulation by and are also potential
sources of cytokines. Thus the functional properties of brain

macrophages / microglia discussed previously may be modulated by
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these factors. On another level cytokines such as TNF may be
involved more directly in myelin damage as mentioned earlier.

These low molecular weight proteins or glycoproteins generally
act locally in an autocrine or paracrine fashion and are involved in
homeostatic control of the immune system and in interactions
between the immune system and the neural and endocrine systems.
One of the most interesting and perplexing features of cytokines is the
complex network which they and other growth factors form and
which involves the production and action of cytokines by/on a wide
array of cells. Cytokines generally have a wide range of often
overlapping activities, producing varied responses in different cell
types or in the same cell in different functional states (Balkwill, 1989).

The cytokine network is such that cytokines interact at a variety
of levels, modulating expression of other cytokines or their receptors
as well as influencing their activity. In the body a cell is exposed to a
cocktail of cytokines, growth factors, hormones and other mediators
and the cell response to a particular cytokine may be modulated by
these agents. Other factors influencing the response include the local
cytokine concentration, previous exposure to other mediators and the
length of time during which the cell is exposed to the cytokine. There
are a number of naturally occuring cytokine inhibitors capable of
modulating cellular responses. These include interleukin-1 receptor
antagonist (IL-1ra) which shares considerable homology with IL-1 and
occupies the IL-1 receptor but cannot trigger signal transduction via
this receptor (Dinarello and Thompson, 1991). There are also a
number of cytokine receptors which exist in a soluble form, for
example the TNF receptor. These receptors in the extracellular matrix

compete with membrane-located forms for the particular cytokine
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thereby reducing the effective concentration of cytokine available for

signalling.

1.5.1 Cytokine receptors and signal transduction

Often receptors recognise more than one cytokine. For example
TNFa and lymphotoxin (LT) or the o and B forms of IL-1 compete for
the same receptors. Cytokines may regulate cellular events directly or
indirectly at the level of gene transcription, mRNA processing and
translation or processing of protein products. However little is known
about the mechanisms whereby the cytokine-receptor ligation event is
transduced to influence intracellular events. Cytokine receptors
generally do not possess any enzymatic activity, suggesting a
prerequirement for other molecule(s) (Foxwell et al, 1992).

The pleiotropic nature of cytokines poses a problem in
explanation of cytokine receptor signalling, similar to that discussed in
relation to Fc and C3 receptor signalling. How does a single cytokine
generate a number of widely varied responses in a cell? Part of the
explanation may be that there are a number of receptors which
recognise the cytokine as with TNF or IL-1 receptors. If these receptors
are expressed in different cells or at different times [and there is some
evidence that this is the case with IL-1 receptors (Foxwell et al, 1992)],
this could explain the variety of responses generated by a single
cytokine in different cell types. Overlap in regulatory activities of
cytokines is particularly striking in the case of IL-1 and TNFa or LT.
Thus two cytokines recognised by different receptors generate
overlapping cellular responses. Each cytokine may generate a unique
signal, triggering their various responses ie. the same effect can be

induced by two different second messenger systems. Alternatively
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