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EDITORIAL

The role of macrophages in models of neurological
and psychiatric disorder1

We consider here some of the recent advances in knowledge about the possible functions of the
macrophage in the normal and diseased or damaged nervous system. The macrophage forms the
key element in interactions between the nervous system and the immune system. Macrophages have
a truly remarkable life history. They are generated in the bone marrow, circulate in the blood as
monocytes for a day or so and then take up residence in almost all tissues of the body, where they
may reside for long periods, sometimes for many years. Tissue macrophages are highly specialized
cells showing considerable heterogeneity from tissue to tissue. They play a role in tissue homeostasis
but, possibly more importantly, they provide the first line of defence against injury and infection
(Gordon, 1986). Tissue macrophages have only a limited capacity for proliferation, but their
numbers may be rapidly augmented by recruitment of cells from the blood. These inflammatory or
exudate macrophages have the potential to secrete a veritable catalogue of products, some of which
are critical for tissue repair and others which may cause autologous tissue damage (Nathan, 1987).

Microglia were first described in the central nervous system (CNS) by Rio Hortega (1932), and
from that time until the early 1980s a controversy continued as to whether these cells were blood-
derived cells or a type of neuroglia (see Ling, 1981 for review). In the last decade overwhelming
evidence has accumulated that microglia are indeed the resident macrophages of the CNS (reviewed
in Perry & Gordon, 1991). In radiation chimeras cells bearing markers of donor leucocytes have
been shown to enter the brain and adopt the form of microglia (Hickey & Kimura, 1988). In the
developing nervous system of rodents it has been shown, using antibodies to a macrophage-specific
antigen, that monocytes enter the brain and pass through a series of morphological transitions to
become microglia (Perry et al. 1985). With improvements in reagents and immunocytochemical
methods there is now a long list of cell-surface and cytoplasmic antigens associated with microglia
that are found on other leucocytes or restricted to macrophages (Streit et al. 1988; Perry & Gordon,
1991). In addition to microglia within the parenchyma of the brain there are other specialized
populations of macrophages associated with the microvasculature (Graeber et al. 1989), the choroid
plexus and leptomeninges (Perry et al. 1985).

MICROGLIA FUNCTION

The functions of microglia are obscure. In the developing nervous system macrophages are observed
phagocytosing cells dying as a consequence of naturally occurring cell death (Perry et al. 1985).
Natural cell death is a major component of normal brain development, and up to 50% or more of
the cells generated in some brain structures may degenerate during development (Oppenheim,
1981). There is evidence that macrophages secrete factors that may promote angiogenesis and
gliogenesis in the developing CNS (Guillian et al. 1986, 1988). Whether there are any abnormalities
in natural cell death or failures of macrophage phagocytosis of dying cells which have neurological
consequences is at present unclear.

In the normal adult CNS microglia are ubiquitous but heterogeneous in their distribution and
morphology (Perry et al. 1985; Lawson et al. 1990). The variations in density do not correlate with
the amount of developmental cell death or with the distribution of any other known cell type or
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neurotransmitter. A well-recognized feature of the microglia is their apparently quiescent nature
when compared to other tissue macrophages (see Perry & Gordon, 1991). Microglia lack a number
of macrophage antigens, a fact which served to fuel the debate as to their relationship with
macrophages. The ultrastructure of microglia also suggests a severely down-regulated phenotype;
they have sparse Golgi apparatus and rough endoplasmic reticulum. Thus the CNS micro-
environment produces a dramatic alteration in the morphology and phenotype of a macrophage.
One factor that is involved is the blood-brain barrier (Perry & Gordon, 1987). The barrier excludes
large proteins from the CNS parenchyma, but in regions where the endothelium is fenestrated and
cells are exposed to plasma proteins - the circumventricular organs - microglia retain several cell-
surface antigens lacking on microglia isolated by the blood-brain barrier.

In one region of the normal adult CNS it has been shown that microglia retain their phagocytic
capacity. In the posterior pituitary, where the axons of the magnocellular neurons terminate and
secrete the hormones; oxytocin and vasopressin, microglia have been shown phagocytosing the
endings of these healthy neurons (Pow et al. 1989). Whether this modelling of nerve endings is a
constitutive function in other regions of the CNS is not known, but ultrastructural studies show
microglia containing debris, particularly in older animals (Vaughn & Peters, 1974).

MICROGLIA IN NEUROPATHOLOGY

It was well recognized by del Rio Hortega (1932) that microglia respond to many different forms
of nervous system injury. The response that he documented was an increase in their numbers and
alterations in their morphology. It has been suggested that there is probably no CNS pathological
condition in the immunocompetent human in which a microglial reaction is absent (Duchen, 1984).
With new antibodies available for the routine detection of microglia it is now possible to examine
in further detail the microglial response in various neuropathological states. For example, microglia
show morphological changes and enhanced expression of several surface antigens including major
histocompatibility (MHC) Class II in Alzheimer's disease (McGeer et al. 1987, 1988; Akiyama &
McGeer, 1990), and Parkinson's disease (McGeer et al. 1988). In the putative autoimmune disease,
multiple sclerosis, enhanced levels of MHC Class II antigens are seen on microglia (Hayes et al.
1987).

How do we interpret the microglial changes seen in these diseases? We know that other tissue
macrophages will rapidly respond to tissue destruction and degeneration products, and thus a
microglial response is just what we might expect of any tissue macrophage. It is possible that in
chronic neurodegenerative diseases activated microglia might play a part in exacerbating the disease
by the secretion of compounds that are neurotoxic. It is now clear that in HIV-1 infection of the
CNS it is predominantly the cells of the mononuclear phagocytic lineage that are infected, and
particularly the microglia (Vaseux et al. 1987; Kure et al. 1990). In the absence of HIV-1 infection
of neurons it seems possible that the CNS dysfunction seen in acquired immunodeficiency syndrome
(AIDS) is related to abnormalities of microglial function. Recent evidence from in vitro studies
shows that HIV-1-infected monocytoid cell lines secrete compounds that are neurotoxic (Giulian
et al. 1990). On the other hand, we know that macrophages play an important role in tissue repair
processes (Leibovich & Ross, 1975), and thus the microglial response may be important in repair
processes during the disease.

ANIMAL MODELS

Insights into the possible role of microglia in pathological disorders of the nervous system can be
gained from animal models. Unfortunately, in species such as rats and mice for which we have the
best range of reagents for studying macrophages and microglia there are no directly comparable
diseases.

Traumatic injury to the CNS provokes a clear microglial response, with alterations in the
morphology and antigenic phenotypes of microglia and also recruitment of macrophages. These
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macrophages-microglia not only remove the debris, but their secretory products, such as
interleukin-1, induce astrogliosis (Giulian et al. 1988), which may be important in re-establishing the
blood-brain barrier. One striking feature that has emerged from studies of CNS traumatic injury
is that the macrophage-microglial response to Wallerian degeneration in the CNS is slow, and the
debris persists for a considerable period of time when compared to the peripheral nervous system
(PNS) (Perry et al. 1987; Stoll et al. 1989a, b). While it may seem a rather academic question as to
whether the debris is, or is not, removed from a fibre tract with little capacity for regeneration,
recent evidence shows that CNS myelin contains proteins which can inhibit axon elongation and
neuronal regeneration (Caroni & Schwab, 1988; Schnell & Schwab, 1990). Removal of the myelin
debris may therefore be of some importance.

Microglia also respond around the cell body of an axotomized neuron. After injury to a
peripheral nerve the microglia around the motoneurones in the spinal cord interpose their
processes between the afferent synaptic boutons and the postsynaptic membrane - so-called
synaptic stripping (Blinzinger & Kreutzberg, 1968). The significance of synaptic stripping for
protecting the neuron from degeneration is not clear, but it is of interest that in neuron populations,
such as thalamic neurons, where synaptic stripping does not happen the neurons degenerate very
rapidly (Matthews, 1973).

Although there are no diseases in rodents which match the human chronic neurodegenerative
diseases, lesions induced by excitatory neurotoxins have been suggested to have some parallels.
These compounds, which bind to glutamate receptors, cause prolonged depolarization and result in
neuronal degeneration by a calcium-dependent mechanism. For example, injection of kainate or
quinolinate into the striatum produces many of the morphological features of Huntington's disease
(see DiFiglia, 1990). Intracerebral injection or epidural application of excitotoxins results in rapid
neuronal degeneration and a vigorous macrophage-microglia response; the microglia appear
morphologically activated and express new antigens including MHC Class II (Akiyama et al. 1988;
Coffey et al. 1990). An interesting feature of the leucocyte response to this rapid cell death is that
unlike acute destruction in other tissues there is essentially no response by the polymorphonuclear
cells, and the macrophage-microglia numbers do not change for the first 48 hours after the lesion
but then increase on the third day (Andersson et al. 1991). This suggests that there is some
mechanism in the CNS that has evolved to ' short circuit' part of the inflammatory response, in
particular the recruitment of polymorphonuclear cells, which may cause unwanted tissue damage
and alterations in the blood-brain barrier.

The dramatic microglial response to excitatory neurotoxins led us to ask whether the prolonged
excitatory activity such as that seen in epilepsy might produce alterations in the microglia. Injection
of tetanus toxin produces limbic seizures in the rat (Mellanby et al. 1984). In this model of epilepsy
microglia appear activated in both animals with cell loss and those with no apparent cell loss (Shaw
et al. 1990). Thus, microglia may be activated by alterations in their local ionic environment, and
it remains an important question as to whether they play a part in recovery from the seizures or may
be involved in precipitating neuronal death.

Experimental allergic encephalitis (EAE) is a widely studied animal model of autoimmune
disease. The disease is evoked by immunizing animals with a preparation of CNS myelin and
adjuvant or by the transfer of sensitized T-lymphocytes. Damage to neuronal tissue is caused when
sensitized T-lymphocytes recognize CNS antigens in collaboration with cells expressing MHC Class
II antigens. This has provoked considerable interest as to which population of endogenous cells
within the CNS express MHC Class II and under what conditions (see above). In EAE it is found
that the only endogenous cells expressing MHC Class II antigens are the microglia (Vass et al. 1986).
Enhancing the expression of MHC Class II antigen on microglia along the optic pathway by optic
nerve section prior to the induction of EAE specifically enhances the leucocyte attack along the
optic pathway (Konno et al. 1990). If the macrophage population is depleted, by the ingenious
delivery of a cytotoxin to the macrophages, at the time that the disease would normally begin,
disease can be dramatically reduced (Huitinga et al. 1990). Thus the resident cells may play a critical
role in the induction of the disease and the recruited cells play a critical role in its evolution.
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COMPARISON OF PNS AND CNS

Nerve fibres of the CNS fail to regenerate, but fibres of the PNS retain this capacity. Do
macrophages play a role in this repair process? Macrophages are rapidly recruited to the distal
segment of an injured peripheral nerve; they phagocytose the debris and may also play a part in
initiating Schwann cell division (Perry et al. 1987; Stoll et al. 1989a, b). In a remarkable mutant
mouse in which peripheral nerves undergo very slow Wallerian degeneration and monocytes are not
recruited (Lunn et al. 1989), the absence of Wallerian degeneration and the lack of macrophage
recruitment does not impede regeneration of motor fibres (Lunn et al. 1989). However, sensory
nerve fibres do not grow well down this undegenerated territory (Brown et al. 1991). A possible
reason for this poor regeneration is that sensory fibres may require nerve growth factor, which is
produced in the distal segment during normal Wallerian degeneration (Heumann et al. 1987). The
failure of monocyte recruitment in this mutant mouse results in a paucity of nerve growth factor
production (Brown et al. 1991). It appears that recruitment of monocytes is an important part of
the regeneration process and may also potentiate the rate of Wallerian degeneration (Lunn et al.
1989).

CONCLUSION

Our knowledge of the functions of macrophages in the normal and diseased or disturbed nervous
system is in its infancy. Macrophages play a part in the development of the CNS and then
differentiate to form microglia. Microglia are a highly specialized form of tissue macrophage that
appears to be down-regulated by the CNS microenvironment; this in turn may contribute to the
modified inflammatory response seen in the CNS. Microglia are exquisite indicators of
neuropathology in the adult CNS.

Studies in the PNS suggest that macrophages are an important component of both degeneration
and regeneration of neurons. The emerging parallels between macrophage functions in the nervous
system and other tissues suggest that future studies will further highlight the role of macrophages
in neurological and psychiatric disorders.

V. HUGH PERRY
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