Journal of
Neuroimmunology

ELSEVIER Journal of Neuroimmunology 184 (2007) 416

b R

www.elsevier.com/locate/jneuroim
Review article

The interplay between inflammation and neurodegeneration
in CNS disease

Margaret M. Esiri *

Department of Clinical Neurology, University of Oxford, UK
Department of Neuropathology, Oxford Radcliffe NHS Trust, UK

Received 15 November 2006; accepted 17 November 2006

Abstract

This review considers the manner in which inflammation in the CNS contributes to, and protects against, neurodegeneration. A series of
questions are posed, first about primarily inflammatory diseases and the causes of neurodegeneration that occurs in them, and then about
neurodegenerative diseases and stroke and the role that inflammation plays there. Common themes as well as disease-specific differences are
highlighted in this survey of the recent human disease and animal model literature.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Inflammatory and neurodegenerative diseases of the CNS
have long occupied separate chapters in accounts of human
neuropathology. In the past the inflammatory process was
mainly related to diseases in which microbial invasion of the
brain was apparent while neurodegeneration was related to
the concept of abiotrophies proposed by Gowers at the start
of the last century (Gowers, 1902). This term, when applied
to the nervous system, means a premature degeneration of
nervous system elements independent of external factors,
often in a familial setting, implying a process free from any
inflammatory influence. Yet from the start it has been
recognised that inflammation and neurodegeneration can be
found in one and the same disease, as in the cortex in general
paralysis of the insane, caused by Treponema pallidum, or in
the cerebral white matter and spinal cord in multiple sclerosis
(MS). More recently there has been recognition of an
inflammatory component to the pathology of neurodegen-
eration, most notably in Alzheimer’s disease (AD) but also in
Parkinson’s disease (PD) and motor neuron disease (MND).
The last few decades have afforded opportunities to
investigate how inflammation and neurodegeneration in the
CNS are related to each other, although we are still some way
from achieving a full understanding of the complex
interactions that can take place. Much of the progress that
has been made has come from animal studies, most recently
from transgenic animal models. While the details of these
interactions differ from one disease to another there are also
some features that diseases share in common. Examples both
of differences and similarities are explored in this review.
Because the literature on this topic is enormous the review is
necessarily selective. In order to provide some focus it takes
the form of a series of questions and answers; predominantly
inflammatory disease is considered first, followed by
neurodegenerative disease.

1.1. In inflammatory diseases what is the extent and site of
the neurodegeneration that occurs?

This is extremely variable as the diseases are very diverse.
Some microbial diseases, such as herpes simplex encepha-
litis and toxoplasma encephalitis may be accompanied by
extensive regional necrosis in the brain. In other diseases the
neurodegeneration is much more subtle but can be extensive
as in the chronic measles infection subacute sclerosing
panencephalitis (SSPE) in which both neurons and oligo-
dendrocytes are infected and undergo apoptosis. In some
diseases the extent of neurodegeneration has been relatively
down-played until recently. This is true of MS and the
experimental disease experimental allergic encephalitis
(EAE). Here the neurodegeneration may not be evident
without quantitative studies but overall it is substantial, for
example, loss of 40—60% of long tract fibres in the spinal
cord in MS (DeLuca et al., 2004). The site of degeneration is
usually local to the immune stimulus in microbial infections

but it can be more remote. Thus, in bacterial meningitis
hippocampal neurons may be damaged while in multiple
sclerosis loss of axons is not confined to plaques but occurs
also in normal appearing white matter (Bjartmar et al., 2001;
Ganter et al., 1999; Lovas et al., 2000). Here it may in part
represent Wallerian degeneration (Evangelou et al., 2000)
but such degeneration is unable to explain all the spinal cord
axon loss in MS (DeLuca et al., 2006). In MS there are also
neurodegenerative changes in the cerebral cortex despite
very little inflammation being found there (Peterson et al.,
2001; Wegner et al., in press) and the same is true of a
marmoset model of EAE (Pomeroy et al, submitted for
publication). In the spinal cord interneurons and motoneur-
ons are lost in MS predominantly from within grey matter
demyelinated plaques (Gilmore et al., 2006).

1.2. In inflammatory diseases how much of the neurode-
generation that occurs in attributable to inflammation per
se and how much to other factors?

It is probably true to say that both main arms of the
immune response, innate and adaptive, are involved in all
forms of CNS inflammatory disease. For example, innate
immunity involving the complement system, microglia/
macrophages and Toll-like receptors (TLR) expressed on
them, is critical in the response to microbial CNS invasion
but this is backed up by adaptive immunity particularly in
response to viral infections (Hauwel et al., 2005; Medzhitov
and Janeway, 2002). Conversely, even in EAE, a prototyp-
ical T-cell mediated disease, complement and TLRs play
important roles (Prinz et al., 2006; van Beek et al., 2005).
But how much of this immune response is directly involved
in neurodegeneration?

In viral infections it is frequently difficult to unravel the
respective contributions of inflammation and direct viral
damage. For example, in experimental herpes simplex type 2
infection in a study comparing the effects of thymidine
kinase-competent and deficient viruses there were clear signs
of inflammation and damage peaking at day 6 after
thymidine kinase-competent viral infection.

The inflammation provoked by this virus was reflected in
upregulation of mRNA for NF k@, TLR-2, tumour necrosis
factor alpha (TNFa) and monocyte chemoattractant protein-
1 (MCP-1) in pons and medulla. Thymidine kinase-deficient
virus showed none of these signs of inflammation and the
mice remained clinically well (Boivin et al., 2002). However,
these mice infected with thymidine kinase-deficient virus
also showed absent viral replication which leaves uncertainty
about the roles of viral-inflicted damage or inflammation as
the prime cause of neurodegeneration. Other studies in HSV-
1 infection have shown that T cell responses, interferon-o
(IFN-a) and neutralising antibody control infection and
therefore have neuroprotective effects (Bouley et al., 1995;
Gresser et al., 1976; Kumano et al., 1987; Schmid and
Rouse, 1992; Smith et al., 1994; Wrzos et al., 1986). To take
another example: in the viral infection mentioned above,
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SSPE, we are unable to say whether the oligodendrocytes
and neurons die as a direct consequence of infection with
measles virus or as a result of an inflammatory cell attack on
the infected or uninfected cells. However, the recent
development of a transgenic mouse model of SSPE may
now enable this question to be addressed experimentally
(Oldstone et al., 2005). In experimental Sindbis virus
infection glutamate excitotoxicity appears to be responsible
for some of the motor neuron death that occurs among
uninfected cells (Darman et al., 2004).

In HIV-associated encephalopathy (HIVE) which affects
about 7% of those with AIDS HIV-1 infects predominantly
macrophages, multinucleated cells derived from macro-
phages or microglial cells. Neuron loss and axon damage
occur and the pathogenesis of this neurotoxic effect of the
infection is not fully understood (Booss and Esiri, 2003;
Peruzzi et al., 2005). The two main possibilities are that
products of the virus such as gpl20 and tat proteins, or
cytokines and chemokines produced by the infected and
uninfected inflammatory cells are responsible (Booss and
Esiri, 2003; Peruzzi et al., 2005; Pocernich et al., 2005;
Schwartz and Nair, 1997). A further possibility is that
changes in the blood—brain barrier contribute to the
neurotoxicity (Persidsky et al., 2000). Highly active anti-
retroviral therapy (HAART) reduces but does not abolish the
prevalence of this serious complication of AIDS (Masliah
et al., 2000). Neurotoxic effects of HIV infection are thought
to be more severe in those that use methamphetamine. It has
been shown that in the brains of those that had used
methamphetamine and had HIVE there was more up-
regulation of IFN-a-inducible genes than in those that had
HIVE but did not use methamphetamine. This suggests that
the extra burden of neurodegenerative disease associated
with methamphetamine use may be a result of dysregulation
of IFN-a-inducible genes (Everall et al., 2005). A further
study of more general drug abuse in HIV-infected indivi-
duals found a greater degree of microglial activation in the
drug abusers (Arango et al., 2004).

In bacterial meningitis the brain is susceptible to neuronal
injury in cortex and hippocampus (Braun et al., 1999; Nau
et al., 1999; Pfister et al., 1994). This is thought to involve
both host and microbial factors (reviewed in Kim, 2003).
Dexamethasone was shown to exacerbate hippocampus
injury in an experimental model of pneumococcal meningitis
(Zysk et al., 1996) but reduced mortality in human adults
with this condition (de Gans and van de Beek, 2002).
Reactive oxygen species and nitric oxide have been
suspected to promote neuronal injury in bacterial meningitis,
as in many other inflammatory CNS conditions. However,
the evidence of neuroprotective effects of antioxidants in
models of meningitis have provided conflicting results (Auer
et al., 2000; Koedel et al., 1995; Koedel and Pfister, 1997,
Leib et al., 1998; Loeffler et al., 2001). TNFa and its active
soluble form which is produced by the enzyme TACE are
also implicated in neuronal injury in bacterial meningitis. An
inhibitor of matrix metalloproteinases (MMPs) and of

TACE, BB-1101, reduced cortical necrosis and hippocampal
apoptotic injury in a rat model of pneumococcal meningitis
(Leib et al., 2001). In contrast, an inhibitor of MMPs with
less effect on TACE reduced cortical injury but had no
influence on hippocampal apoptosis suggesting that TACE
had particular activity in relation to hippocampal damage
(Leib et al., 2000), a finding that is supported by showing
that an anti-TNFa antibody reduced hippocampal injury but
had no effect on cortical injury in streptococcal meningitis in
rats (Bogdan et al., 1997).

A further mechanism of neuronal injury in bacterial
meningitis, as in some other inflammatory diseases is excess
release of excitatory amino acids, especially glutamate. This
suggestion is supported by finding raised levels of glutamate
in the cerebrospinal fluid (CSF) of patients who fare badly in
terms of clinical outcome (Spranger et al., 1996) while
elevated CSF levels of glutamate are also found in CSF in
pneumococcal and E. coli meningitis in rabbits (Perry et al.,
1993). Further support comes from studies of streptococcal
meningitis in rabbits in which kynurenic acid, an excitatory
amino acid receptor antagonist reduced cortical and
hippocampal damage (Leib et al., 1996).

Finally, in bacterial meningitis it is thought that damage to
the brain may in part be a consequence of hypoperfusion
caused by release of endothelins which are potent vasocon-
strictors. This view is supported by finding elevated levels of
endothelins in CSF at the acute stage of bacterial meningitis
and by showing, in a neonatal model of pneumococcal
meningitis, that an antagonist of endothelins, Bosentan,
reduced cortical damage (Pfister et al., 2000).

Axonal injury also occurs in bacterial meningitis in
humans and animals and is thought to be attributable to
ischaemic injury (Nau et al., 2004).

Considering the inflammatory diseases in which no
microbial elements are currently recognised, MS and EAE,
there is evidence that axon damage is closely localised to the
regions of inflammation, particularly macrophage infiltration
of CNS parenchyma (Bechtold et al., 2004; Bitsch et al.,
2000; Diaz-Sanchez et al., 2006; Espejo et al., 2005;
Ferguson et al., 1997; Frohman et al., 2006; Kornek et al.,
2000; Lassmann, 2003; Trapp et al., 1998; Wujek et al.,
2002). This raises the possibility that a direct attack by
inflammatory cells or their products may damage axons.
Medana et al. (2001) have shown that it is possible for T cells
directly to attack axons in vitro but it is harder to determine if
this occurs in vivo. It is theoretically possible that in EAE, an
autoimmune disease directed against myelin antigens
initially, axonal epitopes may become the focus of later
autoimmune attack through the phenomenon of epitope
spreading (Ellmerich et al., 2005; Vanderlugt et al., 2000; Yu
et al., 1996). In this process it might be envisaged that as
myelin is stripped from axons following an immune attack
directed against myelin or oligodendrocytes axons are
exposed to immune attack as well, with axonal antigens
acting as new targets for T cells as well as for macrophage
toxicity. However, as yet there is little evidence for such an
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effect although antibodies to neurofilaments have been
detected in CSF in progressive MS (Silber et al., 2002).

Much interest has focussed in EAE and MS on novel
reactions that occur downstream of an immune attack on
myelin; notably, re-distribution of ion channels on demye-
linated axons (Frohman et al., 2006; Smith, 2005; Waxman
et al., 2004). This re-distribution of ion channels from the
nodes of Ranvier where they are found normally to the
internodal axonal surfaces has been demonstrated in MS
(Craner et al., 2004a) and EAE (Craner et al., 2004b).
Demyelinated axons have been shown to accumulate toxic
amounts of sodium and calcium ions during normal electrical
activity which renders them vulnerable to damage from nitric
oxide (Smith, 2005; Smith et al., 2001). This may be the
basis for axonal loss and cerebral atrophy in MS even when
inflammation has been effectively suppressed (Coles et al.,
2006). Blockers of sodium and calcium channel entry
ameliorate the damage to axons (Bechtold et al., 2004;
Brand-Schieber and Werner, 2004; Kapoor et al., 2003; Lo
et al., 2003; Stys, 2005). Energy failure in axons due to
impaired mitochondrial function is thought likely to
compound the problem (Dutta et al., 2006). This wealth of
evidence of damaging effects on axons downstream of
inflammation offers new opportunities for axonal protection
which are already being seized.

1.3. In inflammatory disease what are the mechanisms by
which inflammation promotes neurodegeneration?

The effectors of damage due to inflammation are
complement, antibody, macrophages, microglial cells, and
their secreted products, lymphocytes and NK cells. Blood—
brain barrier disruption facilitates access of these cells and
molecules to the CNS. Complement, antibody and macro-
phages are thought to play important roles in myelin
destruction in MS and EAE (Gay et al., 1997; Genain et al.,
1999; Lucchinetti et al., 2000; Prineas and Graham, 1981) but
it is less clear how axons are damaged. Nitric oxide
production by macrophages is likely to be an important
mechanism in view of the increased vulnerability to this agent
of demyelinated axons (Smith et al., 2001). Furthermore,
nitric oxide selectively damages small axons which are the
ones damaged in MS (Evangelou et al., 2001). Cytokines,
free radicals, CD8+ T cells and glutamate are other possible
factors along with deprivation of growth factors (Diestel
et al., 2003; Lu et al., 2000; Medana et al., 2001; Wegner
et al., in press; Wilkins et al., 2001). It is harder to relate the
grey matter damage that has been recently documented in MS
to cell mediated damage though antibody and complement
could certainly have a role to play here, particularly as subpial
grey matter — a common site of demyelination in MS
(Peterson et al., 2001) and EAE (Pomeroy et al, submitted for
publication) can become exposed to serum proteins relatively
readily (Broadwell and Sofroniew, 1993).

Innate and adaptive immune systems are involved in
clearance of micro-organisms from the nervous system but,

as discussed above, it is difficult to distinguish host
inflammatory mechanisms that directly damage neurons
from those primarily directed against the organisms on the
one hand or damage to the nervous system caused directly by
the micro-organisms on the other. In viral-induced demye-
linating diseases such as that caused by chronic Theiler’s
murine encephalomyelitis virus in mice the downstream
consequences for axonal injury of demyelination can
presumably operate as in MS and EAE.

1.4. In inflammatory disease does inflammation also have a
protective role against neurodegeneration?

The short answer to this question is ‘yes’. Recent studies
have shown that inflammatory cells and their products can
exert beneficial effects on a number of processes that are
required to promote aspects of tissue regeneration some of
which might be expected to improve the fate of axons and
neurons in inflammatory diseases (reviewed in Schwartz
et al., 2006). Activation of microglial cells occupies a critical
position here and an important development has been the
realisation that microglial cell activation can proceed in two
different directions, one of them cytotoxic and the other
neuroprotective (or a combination of the two), depending on
the manner in which the activation is controlled. Even
cytotoxic behaviour of macrophages and microglial cells can
be regarded as ultimately assisting regeneration since this
cannot proceed until the debris of a damaging reaction has
been cleared away. The 2-way alternative routes of
microglial reaction depend on whether the activating
stimulus is preceded or followed by another stimulus, and
on the nature of the two stimuli. An example of a cytotoxic
form of microglial cell activation is the response to
lipopolysaccharide (LPS) which leads to the expression of
MHC Class II antigens and upregulation of production of
many of the pro-inflammatory cytokines such as IL-1, IL-6,
IL-8, TNF and aMCP-1 (reviewed in Kim and de Vellis,
2005). However, microglia or microglia-conditioned medi-
um have also been demonstrated to produce many trophic
factors: nerve growth factor, neurotrophin 3, brain-derived
neurotrophic factor, basic fibroblast growth factor, hepato-
cyte growth factor and plasminogen (refs. in Kim and de
Vellis, 2005). Furthermore, survival of neurons in culture can
be assisted by microglial cells or microglial cell-conditioned
medium (Banati and Graeber, 1994; Zietlow et al., 1999) and
microglial cells release substances that induce proliferation
in neuronal cultures, possibly through an effect on immature
neurons (Morgan et al., 2004), although microglia have also
been shown to be capable of blocking neurogenesis
(Kempermann and Neumann, 2003; Monje et al., 2003).
Exposure of microglia to small amounts of IFN-a or 1L-4
enables them to support neuronal survival whereas exposure
to LPS renders them cytotoxic to neurons and oligoden-
drocytes (Butovsky et al., 2005). Differentiation of microglia
in a cytotoxic direction, e.g. by LPS, can be altered to a
neuroprotective phenotype by exposure to IL-4 suggesting
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there can be some reversibility of microglial cell roles.
Whether newly recruited macrophages in CNS lesions have a
similar flexibility of function is not yet clear.

Some of the influences that determine microglial cell
behaviour and its effects on axons and neurons stem from the
activity of T cells which are often to be found in the same
CNS lesions. Microglia express receptors for many of the
cytokines produced by activated T cells and T cells can
therefore modulate microglial cell behaviour. Remarkably,
autoimmune T cells protect neurons from degeneration after
spinal trauma or optic nerve injury, albeit at the expense of a
degree of transient EAE (Hauben et al., 2000; Moalem et al.,
1999). Even neurons can exert some modulation on local
CNS inflammatory reactions through stimulation of prolif-
eration of regulatory T cells and by curbing such prolifer-
ation through production of transforming growth factor-
B(TGFp) (Liu et al., 2000).

1.5. In inflammatory disease can neurodegeneration be
prevented?

In many experimental disease models it is possible to
prevent neurodegeneration using agents that block the
inflammatory response or its downstream consequences.
With microbial infections the most straightforward way to
attempt to deal with the disease is to combat the organism
itself but the appropriate anti-microbials are not always
available. Even if the organism cannot be eliminated some
damage which is due more to bystander and downstream
consequences of infection such as glutamate toxicity can be
ameliorated (Darman et al., 2004). In idiopathic and
autoimmune disease there is an extensive range of interven-
tions that can reduce neurodegeneration some of which is
summarised below. The disappointment is that so far
interventions that have been shown to be effective in EAE
have not translated into effective treatment for the common-
est idiopathic inflammatory human disease, MS. It is likely
that combined treatments attacking more than one stage of
disease pathogenesis will prove more effective than mono-
therapy (Diem et al., 2005; Giuliani et al., 2005; Kanwar
et al., 2004). Interventions in EAE have targeted either the
evolution of the inflammatory focus in the CNS or its
downstream consequences including:

® Blocking entry of inflammatory cells into the CNS, for
example, using antibodies to CD-44 and integrin alpha 4
(Brocke et al., 1999), inhibiting matrix metalloproteinases
and microglial activation with microcycline (Brundula
et al., 2002; Giuliani et al., 2005) or preventing
mononuclear cell migration with lovastatin (Stanislaus
et al., 2001).

® [nhibiting pro-inflammatory T helper-1 cytokine produc-
tion (Platten et al., 2005).

® Blocking ion channels which allow excess calcium to
enter axons (Bechtold et al., 2004; Brand-Schieber and
Werner, 2004; Kapoor et al., 2003; Lo et al., 2003).

® Blocking glutamate excitotoxicity (Pitt et al., 2000; Smith
et al., 2000).

® Using growth factors or hormones to promote neuronal
survival. These include erythropoietin (Agnello et al.,
2002; Brines et al., 2000; Diem et al., 2005; Hasselblatt
et al., 2006) and insulin-like growth factor-1 (Kanwar
et al., 2004).

e Using anti-oxidants to neutralise effects of free radical
production including metallothioneins (Espejo et al.,
2005; Penkowa, 2006; Penkowa and Hidalgo, 2003),
flavonoids (Hendriks et al., 2004) and green tea (Aktas
et al., 2004).

® Using vitamin D which appears to promote apoptosis of
inflammatory cells (Cantorna et al., 1996; Spach et al., 2004).

1.6. In neurodegenerative disease is inflammation simply
concerned with clearing away the debris?

No, the situation is much more complicated than that.
Debris in the context of the neurodegenerative disease
Alzheimer’s disease (AD) consists of degenerate neuritic
processes and the extracellular deposits of 3 amyloid and other
substances that accumulate in plaques. We will consider each
of these in turn:

Degenerate neuritic processes. Degeneration of neurites
in AD and probably in other neurodegenerative diseases
occurs through an apoptotic-like process and therefore
involves innate immune molecules that participate in
clearance of debris leading on to tissue repair (insofar as
the CNS is capable of ‘repair’) (Yuan and Yankner, 2000).
This depends on microglial cells recognising expression on
apoptotic cells of phosphatidylserine residues (PS) for which
they carry receptors. PS is normally found on the inner
component of the plasma membrane where it is not
accessible to the PS receptor but in apoptotic cells it is
localised externally thus leading to its recognition (Savill and
Fadok, 2000). The role of microglia in recognition of
apoptosis in ageing has not been studied in anything like the
detail with which microglial responses to 3 amyloid have
been studied (reflecting the current dominance of the
amyloid cascade hypothesis of AD (Hardy, 2006) in thinking
about AD pathogenesis) but it is well recognised that
microglial cell numbers increase with ageing and this may
reflect dendritic re-modelling in ageing (Mackenzie and
Munoz, 1998; Mattiace et al., 1990).

B amyloid. Microglial cells come to occupy a very precise
location in relation to plaques in which there is a core of
amyloid and a corona of neuritic processes. Microglia are
sandwiched between the core and the corona at a site that
implies direct involvement in the disease process. Ultrastruc-
tural appearances suggested these cells might be engaged in
phagocytosing the amyloid fibrils (Frackowiak et al., 1992;
Wisniewski et al., 1991) and the suggestion has been made that
the cells have difficulty in degrading the amyloid (Ard et al.,
1996; Paresce et al., 1997; Rogers et al., 2002).
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Microglial cells in AD are immunoreactive for CD-11a,
CD-11b, CD-11c (members of the B, integrin family), CD-
45, CD-64 (Ig Fcy receptors), MHC Class II scavenger
receptor and complement proteins CI-4 (reviewed in Kim
and de Vellis, 2005). They also express the receptor for
advanced glycation end-products (RAGE) (Lue et al., 2001).
They include cells that have been relatively recently
recruited from the blood and it is these newly recruited
cells that have a capacity to remove (3 amyloid (Simard et al.,
2000). In vitro 3 amyloid stimulates free radical production,
pro-inflammatory cytokine production and neurodegenera-
tion-promoting molecules by microglia (Barger and Harmon,
1997; Giulian, 1999; Meda et al., 1995; Van Muiswinkel
et al., 1999). Human microglia can rapidly phagocytose
amyloid B fragments in vitro (Giulian et al., 1995) but do not
seem to do so effectively in vivo in AD. The remarkable
demonstration that microglia can be induced to phagocytose
R amyloid avidly in vivo by vaccination with 3 amyloid has
focused great interest on the mechanisms involved in this
process (Schenk et al., 1999). It has been proposed that it
may be effected by enhanced phagocytosis of Ig-amyloid
complexes by microglial Fc receptors. There may also be a
role for complement in this clearance process (Hauwel et al.,
2005). Complement seems to play a protective role against 3
amyloid accumulation in a transgenic mouse model of AD
since over-expression of a soluble complement inhibitor,
Crry, led to an increased burden of P amyloid and
inflammation (Wyss-Coray et al.,, 2002). In summary,
whether or not the microglial response to 3 amyloid consists
simply in clearing (or attempting to clear) this debris remains
unclear. The question of why there should be a problem for
microglial cells with phagocytosing 3 amyloid cannot be
answered unequivocally. They might be overwhelmed by the
amount of amyloid, they might be in an activated state that
precludes them acting effectively or they might simply be
malfunctional because of their age (Streit, 2004, 2005).

1.7. In neurodegenerative disease does inflammation
contribute to disease progression?

There is quite a strong body of opinion supporting this
possibility. Initial evidence came from clinical studies
suggesting that long term use of anti-inflammatory drugs
reduced the risk of AD (Breitner, 1996; Broe et al., 2000).
This finding is controversial (Heyman et al., 1984), but
supported by a meta-analysis of 17 studies (McGeer et al.,
1996). Some studies examining the protective effect of non-
steroidal anti-inflammatory drugs in preventing or treating
AD have shown positive effects (Broe et al., 2000; Prince
et al., 1998; Rogers et al., 1993; Stewart et al., 1997), others
not (Aisen et al., 2003; Henderson et al., 1997; Reines et al.,
2004; Scharf et al., 1999). The other evidence comes from
studies of the microglial cells in human and experimental AD
in which microglia show evidence of being in an activated
state that has been shown in vitro to be associated with
neurotoxic capability. Some of this evidence is referred to

above, and has been reviewed recently (Kim and de Vellis,
2005; Kril and Halliday, 2001; Minghetti et al., 2005;
Schwartz et al., 2006).

There is less evidence about a role for inflammation in
other neurodegenerative diseases. The simplest model for
examining the role of inflammation in neurodegeneration is
axotomy, in which a defined axon tract is cut across and the
reaction in and around the parent neurons is explored. There
is a stereotyped sequence of glial cell reactions that com-
mences with microglial cell activation including increased
expression of MHC Class II antigens and complement
receptor 3 (Hu et al., 2002; Koliatsos et al., 1994; Kreutzberg
et al., 1989; Lundberg et al., 2001; Olsson et al., 1989; Piehl
et al., 1999). Recently there has been an interesting genetic
approach taken to analysing how the various components of
the neuronal and glial cell response to ventral root avulsion
(vra) is controlled. With this lesion, placed close to the parent
motor neurons of the avulsed root, there is degeneration of
50—75% of neurons affected after 2—3 weeks in adult rats
(Koliatsos et al., 1994; Piehl et al., 1999). Inbred stains of rat
which differ in the extent of their response to vra were
crossed to yield an F2 generation from which further gener-
ations of rats were developed. Carrying out phenotype—
genotype correlations in the parent, F2 and later generation
animals it was possible to identify two quantitative trait loci
on different chromosomes affecting the extent of loss of
motoneurons, two further non-MHC loci that controlled the
extent of T cell infiltration and one further locus that was
linked to MHC Class II expression on microglia, though it
was not located in the MHC region itself (Lidman et al.,
2003; Olsson et al., 2005). It is interesting that these gene
effects seemed to be independent of each other. It is likely
that the genes concerned will be found to be important in the
inflammatory reaction to more complex neurodegenerative
processes.

In motor neuron disease there is activation of microglia
and adoption by them of a pro-inflammatory phenotype
(Henkel et al., 2004; Kawamata et al., 1992). In a mouse
model of inherited motor neuron disease in transgenic mice
carrying a mutant form of the superoxide dismutase (SOD-1)
gene it was found that intraperitoneal administration of the
inflammatory agent LPS exacerbated disease progression by
3 weeks and enhanced motor axon degeneration but only if
challenges with repeated LPS injections were given in the
presymptomatic 6 month-old mice. This exacerbation of
disease was associated with enhanced innate immunity with
upregulation of TLR2 and pro-inflammatory cytokines in the
spinal cord (Nguyen et al., 2004). Inhibition of cycloox-
ygenase-2, a key enzyme in prostaglandin synthesis, extends
survival in SOD-1 mutant mice (Drachman et al., 2002) as
does minocycline, an antibiotic that is capable of inhibiting
microglial cell activation (Yrjanheikki et al., 1999). In a
further exploration of this model it was shown that if
expression of the SOD-1 mutation was inhibited in motor
neurons the initial onset of weakness and early progression
was delayed. In contrast, if the SOD-1 mutant gene
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expression was only reduced in microglia the course of the
disease progression was slowed particularly in its later stages
(Boillee et al., 2006). This suggests that microglial cells can
influence some aspects of motor neuron disease progression.

1.8. In neurodegenerative disease can inflammation be
neuroprotective?

Yes, probably. The view of microglial influences always
being bad is giving way to one where their influence is
viewed as mixed, with neuroprotective features being
increasingly emphasised. If we return to the axotomy
model of neurodegeneration the proliferation and re-
positioning of microglia around the neuron cell bodies of
the cells with severed axons can be regarded as neuropro-
tective. In particular, the positioning of microglia between
afferent synapses and the cell body protects the neuron from
potentially damaging excitatory influences and allows for
close exchange of signalling and trophic molecules.
Transforming growth factor B(TGFp) is one such molecule
which is neuroprotective and has been localised to activated
microglial cells (Lehrmann et al., 1998; Streit et al., 1998).
Furthermore, microglial cells in vitro release neuron-
protective factors (see answer to question 4 above) and
when transplanted in vivo can aid functional neuronal reco-
very (Raivich et al., 1994; Rapalino et al., 1998). There is
increasing evidence that microglial cells, exposed to
apoptotic cell signals differentiate in a neuroprotective,
anti-inflammatory direction, producing such molecules as
TGF-p, prostaglandin E, and IL-10 (De Simone et al., 2003;
Minghetti et al., 2005). A similar profile of microglial cell
properties is also seen in experimental prion disease
(Minghetti, 2004; Perry et al., 2002), and Parkinson’s
disease (Depino et al., 2003). One important factor that
appears to regulate the direction of microglial cell activation
is the presence and timing of other stimuli besides the
apoptotic one. These stimuli may precede or follow and can
modulate the microglial response in inflammatory or
protective directions (Butovsky et al., 2005; Schwartz
et al., 2006; Shaked et al., 2005). One important determinant
of outcome appears to be the amount of IFN-y to which they
become exposed; small amounts of IFN-y evoke a
neuroprotective phenotype and large amounts of cytotoxic
one. This cytotoxic effect can, however, be effaced by
neutralisation of the TNF-a produced in response to large
amounts of IFN-vy (Butovsky et al., 2005). Another agent
that stimulates neuroprotective behaviour in microglia is IL-
4 (Schwartz et al., 2006).

1.9. In neurodegenerative disease can inflammation be
manipulated to reduce damage?

Yes, but we need more understanding in order to do this
safely. When the findings in transgenic AD regarding the
beneficial effects of 3 amyloid vaccine were translated into a
clinical trial there were unforeseen complications with a few

patients developing encephalitis (Barger, 2005; Ferrer et al.,
2004).

Some hazard in clinical trials is hard to avoid because
there are differences between rodent and human immune-
related cells. Microglial cells are clearly potentially exploit-
able for therapeutic and preventive purposes but we need
better information on their repertoires of reaction so that
neuroprotection can be upgraded and cytotoxicity reduced.
Just one of many promising possibilities, all of which cannot
be reviewed here, is use of the fatty acid docosahexanoic
acid, a natural dietary constituent, to reduce prostaglandin
production by inhibiting cyclooxygenases and reducing their
expression (Strokin et al., 2004).

1.10. Is there anything special about the inflammatory CNS
response in stroke?

The key factor in stroke that causes CNS inflammatory
responses to differ from those in neurodegenerative and most
idiopathic or autoimmune disease is necrosis. Stroke shares
this feature with some forms of viral infection (e.g. herpes
simplex encephalitis) and trauma. The inflammatory re-
sponse to necrosis includes the influx of neutrophil
polymorphs which promote a local strong reactive oxygen
burst. There is also rapid build up of oedema which can be
fatal. These acute changes occur in advance of an influx of
macrophages. Around the zone of necrosis is a penumbra in
which apoptotic cell death is common and in which excito-
toxicity and free radical damage are contributory causes.
Interestingly, if experimental ischaemic necrosis is preceded
by a mild ischaemic insult, insufficient in itself to cause
necrosis, the necrotic damage is reduced probably through
upregulation of heat shock protein production (Kirino et al.,
1991; Liu et al., 1992, 1993; Nakata et al., 1993). This
phenomenon is referred to as ischaemic pre-conditioning.
Pro-inflammatory cytokine production is an important
element of the reaction in stroke and its prevention provides
an opportunity to limit post-ischaemic damage. A key
mechanism that activates production of TNFa, IL-1B, iNOS
and K-8 is p38 mitogen activated protein kinase (MAPK),
suppression of which has the capacity to reduced the size of
an infarct in gerbils and rats (Barone et al., 2001; Legos et al.,
2001; Sugino et al., 2000). Infarct size is also reduced by
inhibition of iNOS by aminoguanidine (Iadecola et al., 1995)
and in mice lacking iNOS (Iadecola et al., 1997).
Interestingly, mice over-expressing human amyloid precur-
sor protein show enhanced microglial activation and
upregulation of p38 MAPK (Koistinaho et al., 2002;
Koistinaho and Koistinaho, 2005). They also show enhanced
ischaemic vulnerability which was abolished by p38 MAPK
inhibition (Koistinaho et al., 2002; Paris et al., 2000). Other
approaches to reducing inflammation-induced injury in
stroke might include the use of an antibody to the CD11d
integrin which effectively reduced the early neutrophil and
macrophage infiltrate in experimental spinal cord injury
(Saville et al., 2004).
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1.11. Are there any influences outside the CNS that affect
the nature and severity of CNS damage in inflammatory or
neurodegenerative disease?

Yes, some of the pre-conditioning and post-conditioning
stimuli mentioned in answer to questions 4 and 8 are
administered from outside the CNS, e.g. intraperitoneal
injection of LPS (Davis et al., 2005). In EAE the initiating
stimulus to trigger the autoimmune reaction to myelin is
administered peripherally. Numerous differences in expres-
sion of stimulatory molecules on circulating mononuclear
cells in a long-lasting disease such as MS have been
described but are beyond the scope of this review. Similarly,
in AD monocytes express an activation state not seen in aged
control subjects. In experimental prion disease more severe
‘sickness behaviour’ reflected in temperature and activity
measurements was seen in the preclinical stage of the disease
when intraperitoneal LPS was administered (Combrink et al.,
2002). It was suggested that microglia, already primed by
developing prion disease were driven to greater stimulation
by the peripherally administered inflammatory stimulus.
Another peripheral agent that was shown to affect microglia-
driven neurodegeneration in a model of brain trauma, this
time in a neuroprotective fashion, is vasoactive intestinal
peptide (Delgado and Ganea, 2003). In a more clinical
context there is suggestive evidence that AD progresses
faster in a transient fashion, in association with systemic
infections that raise serum IL-1 levels (Holmes et al., 2003).

2. Conclusions

The complexities of the interactions between inflamma-
tion and neurodegeneration are beginning to be exposed in
recent clinical and experimental pathological studies. There
are important general principles that emerge:

® An immune response — innate, adaptive or both — is
stimulated in all these diseases and includes neuropro-
tective as well as cytotoxic elements.

® Microglial activation, which is a key component of
inflammatory CNS responses, is not a unitary process but
differs depending on pre-and post-conditioning stimuli
and disease state and can include neuroprotective
elements.

® Many of the deleterious downstream consequences of
inflammation-related CNS damage are probably common
to different types of disease; there may be remedies to
combat such downstream processes as excess calcium
entry into cells, energy depletion through mitochondrial
damage or deficiency, and oxidative stress that may have
efficacy in different diseases.

e Attempts to limit effectively inflammation-related dam-
age have to tread a tightrope that bears the risk of
exposing those treated to serious complications as
evidenced by the risk of autoimmune disease when MS
is treated with humanised monoclonal antibody to CD-52

(Coles et al., 1999), progressive multifocal leucoence-
phalopathy when MS is treated with natalizumab
(Goodin, 2006) and encephalitis when AD is treated
with 3 amyloid vaccine (Ferrer et al., 2004). However
there is considerable optimism that, building on the
lessons learnt, future treatments will be developed that
have reduced risk while retaining great efficacy.
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