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Inflammation in central nervous system injury

Stuart M. Allan and Nancy J. Rothwell*
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Inflammation is a key component of host defence responses to peripheral inflammation and injury, but
it is now also recognized as a major contributor to diverse, acute and chronic central nervous system
(CNS) disorders. Expression of inflammatory mediators including complement, adhesion molecules,
cyclooxygenase enzymes and their products and cytokines is increased in experimental and clinical neuro-
degenerative disease, and intervention studies in experimental animals suggest that several of these factors
contribute directly to neuronal injury. Most notably, specific cytokines, such as interleukin-1 (IL-1), have
been implicated heavily in acute neurodegeneration, such as stroke and head injury.

In spite of their diverse presentation, common inflammatory mechanisms may contribute to many
neurodegenerative disorders and in some (e.g. multiple sclerosis) inflammatory modulators are in clinical
use. Inflammation may have beneficial as well as detrimental actions in the CNS, particularly in repair
and recovery. Nevertheless, several anti-inflammatory targets have been identified as putative treatments
for CNS disorders, initially in acute conditions, but which may also be appropriate to chronic neurodegen-
erative conditions.
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1. INFLAMMATION

Although inflammation was recognized by the Egyptians
(described in the Smith Papyrus ca. 1650 BC), it was the
Roman, Cornelius Celsius (ca. AD 25) who first defined
it by the readily observable features of redness, swelling,
heat and pain that commonly present in inflamed tissues
on the surface of the body. Centuries later we have begun
to understand the cellular responses and mechanisms
underlying inflammation. It is now directly associated with
adherence and invasion of leucocytes into injured or
infected tissues, and is closely linked to activation of the
immune system. Complex cascades of events that occur
locally within injured tissues, and systemically have now
been elucidated. These include specific mediators of
inflammation such as kinins, prostanoids, substance P and
cytokines, as well as many physiological responses such
as fever, behavioural changes and alterations in endocrine
status, such as activation of the hypothalamic pituitary
adrenal axis, which together constitute the acute phase
response.

These host defence responses, including inflammation,
are generally beneficial to the organism in limiting the sur-
vival and proliferation of invading pathogens, promoting
tissue survival, repair and recovery, and conserving the
energy of the organism. However, extensive, prolonged or
unregulated inflammation is highly detrimental. Thus,
pro-inflammatory pathways are highly regulated by an
equally extensive array of anti-inflammatory processes.

The topic of this review is now extensive and would be
impossible to discuss in detail. We have therefore focused

*Author for correspondence (nancy.rothwell@man.ac.uk).

Phil. Trans. R. Soc. Lond. B (2003) 358, 1669–1677 1669 Ó 2003 The Royal Society
DOI 10.1098/rstb.2003.1358

mainly on the role of cytokines, particularly on the role of
the pro-inflammatory cytokine, interleukin-1 (IL-1).

2. INFLAMMATION IN THE BRAIN

The brain has several distinctive features, which mean
that its response to inflammatory insults differs from other
organs, and this has led to the concept of the brain as an
‘immune privileged’ organ. The confines of the cranium
limit oedema (although this may lead to raised intracranial
pressure and a reduced ventricular volume), while the
tight junctions of the cerebral vasculature (‘blood–brain
barrier’) limit the entry of large molecules and circulating
cells (Petty & Lo 2002). As an example, experimental
studies in rodents demonstrate that an inflammatory
stimulus (bacterial lipopolysaccharide (LPS)) induces a
rapid and florid neutrophil invasion in the skin, but a very
limited and delayed response in the brain (Perry et al.
1995; Matyszak 1998). Nevertheless, it is now clear that
the brain does respond to peripheral inflammatory stimuli
(through neural and humoral afferent signals), it integrates
and regulates many aspects of the acute phase response
and exhibits many local inflammatory responses that
appear to contribute to both acute and chronic central
nervous system (CNS) disease.

Many excellent recent reviews have discussed specific
aspects of CNS inflammation, and of neurodegeneration
in considerable depth (Perry et al. 1998; Gebicke-Haerter
2001; Nguyen et al. 2002). The purpose of this paper is
not to cover the same ground, but instead to present an
overview of the key features of inflammation, to highlight
some mechanisms which may be common to seemingly
diverse CNS disorders, and to discuss the limitations of
current approaches, major gaps in our present knowledge
and the implications and applications of recent discoveries
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to clinical disease. As stated above we will draw heavily on
our own experience of the role and therapeutic potential of
the cytokine interleukin-1 to illustrate some of these
points, but there are now a number of equally valid targets
within the inflammatory cascade.

3. EVIDENCE FOR INFLAMMATION IN ACUTE CNS
INJURY

Acute neurodegenerative conditions such as cerebral
ischaemia (e.g. stroke) and traumatic brain injury are
characterized by rapid and (usually) severe insults to the
brain that lead to substantial loss of nerve cells with asso-
ciated functional deficits. The former is associated with
abrupt cessation of blood supply to the brain as a result
of a clot or haemorrhage, whereas the latter is a result of
physical injury which itself often leads to secondary
ischaemia. Several processes have been implicated in the
ensuing damage, including increased glutamate release
(excitotoxicity), oxidative stress and disturbances in ionic
homeostasis. There are also substantial data demonstrat-
ing the active involvement of inflammatory processes in
these diseases, much of which has been obtained from
experimental studies in rodents using appropriate models
of the clinical condition. This is evidence based mainly on
observations of activation or invasion of inflammatory cells
(e.g. microglia, leucocytes) and increased expression of
transcription factors which coordinate inflammatory
responses and molecules (e.g. cytokines, complement) in
response to injury. However, this does not necessarily
indicate a causal role, and it is important to investigate
the functional consequences of increased inflammatory
cells/molecules in the CNS.

Convincing evidence exists to suggest a prominent role
for the cytokine IL-1 in acute neuronal injury. Increased
expression of IL-1 is seen in the CNS in both the experi-
mental and clinical setting after a variety of brain insults,
and administration of exogenous IL-1 to animals undergo-
ing ischaemic or excitotoxic challenges leads to a dramatic
increase in the resulting cell death. However, perhaps the
strongest support for the involvement of IL-1 derives from
studies where the action of the endogenous protein has
been inhibited. Central or systemic administration of the
naturally occurring and highly selective IL-1 receptor
antagonist (IL-1ra) markedly reduces the extent of cell
death induced by ischaemic, traumatic or excitotoxic
injury in the rodent brain. Similarly, inhibition of IL-1
actions by use of caspase-1 (which is required for release
of active IL-1) inhibitors, caspase-1 deficient mice and
anti-IL-1 antibodies, has also been shown to reduce the
injury (see Rothwell & Luheshi 2000; Allan & Rothwell
2001).

Although not as comprehensive, there are many pub-
lished studies to indicate that inhibition of other inflam-
matory mediators can ameliorate brain injury after acute
insults. However, not all inflammatory molecules are det-
rimental; many have been seen to exert protective actions
and block of their actions will actually enhance injury. It
is important, therefore, to consider the overall balance of
cytokine expression after injury, since a shift one way or
the other in terms of protective versus detrimental will
have a profound impact on outcome. This is exemplified
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by the balance between pro-inflammatory IL-1 and anti-
inflammatory IL-1ra (Arend 2002).

More recent studies have employed transgenic animals
with specific modifications of selected genes to investigate
the contribution of inflammation to acute neurodegener-
ation (table 1). Mice deficient in adhesion molecules
(Soriano et al. 1996), pro-inflammatory cytokines (Boutin
et al. 2001; Boutin & Rothwell 2002; Ohtaki et al. 2003)
and other inflammatory mediators (Iadecola et al. 1997,
2001) can show reductions in cell death in response to
different insults when compared with their wild-type
counterparts, while those deficient in anti-inflammatory
cytokines have increased injury (Grilli et al. 2000; Bou-
tin & Rothwell 2002). However, this is not always the case
and the reason for the discrepancies is not clear, although
chronic deletion of a gene could produce a different
response to that observed with acute change or there could
be compensatory changes in other genes (Rudmann &
Durham 1999). This is particularly true for cytokines
where there is functional overlap and redundancy
(Quan & Herkenham 2002).

4. INFLAMMATION IN CHRONIC CNS DISEASE

The contribution of inflammation, and in some cases of
specific inflammatory mediators, has long been estab-
lished in several CNS disorders such as infections (e.g.
meningitis, measles, cerebral malaria and human
immunodeficiency virus (HIV)) and multiple sclerosis
(MS). Elegant experimental studies in rodents have ident-
ified a primary role for tumour necrosis factor-a (TNFa)
in cerebral malaria, and complementary clinical studies
imply a similar contribution in humans (Lou et al. 2001;
de Souza & Riley 2002). Progressive dementia is relatively
common in HIV and cannot be ascribed to infection of
neurons within the CNS. Instead, HIV envelope coat pro-
teins stimulate and activate microglia, which subsequently
release inflammatory mediators—most probably inflam-
matory cytokines (Garden 2002).

The aetiology of MS is not fully understood, but con-
siderable evidence points towards an autoimmune con-
dition leading to activation of the T-activator lymphocytes
(and deactivation of suppressor T cells) which, together
with macrophages, adhere to and invade the CNS (Prat
et al. 2002). The key feature of MS is demyelination of
axons leading to their subsequent degeneration, and for-
mation of plaques (Bitsch et al. 2000). Animal models of
MS, based primarily on immunization of rodents against
myelin basic protein, can mimic many of the features of
MS, but have some limitations in reproducing the chronic,
relapsing and remitting nature of the disease (Link & Xiao
2001). Nevertheless, these studies have used approaches
similar to those described above to demonstrate that the
cytokines TNFa and interferon-g (IFNg) mediate many
aspects of the disease (Bettelli & Nicholson 2000). Both
TNFa and IFNg are directly toxic to oligodendrocytes
(Merrill et al. 1993; Vartanian et al. 1995) and, in com-
mon with other cytokines, can stimulate local inflamma-
tory cytokine production (Benveniste & Benos 1995; Liu
et al. 1998). Clinical studies report increased expression
of these cytokines (Olsson et al. 1990; Rieckmann et al.
1995), but as yet strategies to block TNFa or IFNg
directly have not been of therapeutic value; indeed the
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Table 1. Summary of ischaemic damage in cytokine knockout mice.
(tMCAO: temporary middle cerebral artery occlusion; pMCAO: permanent middle cerebral artery occlusion; HI: neonatal
hypoxia/ischaemia; IL-1RAcP: IL-1 receptor accessory protein.)

ischaemic injury
cytokine knock-out treatment (compared to wild-type) references

caspase-1 tMCAO # infarct ca. 245% Hara et al. (1997)
HI # infarct ca. 240–53% Liu et al. (1999)

IL-1a tMCAO no change Boutin et al. (2001)
IL-1b tMCAO no change Boutin et al. (2001)
IL-1a/b tMCAO # infarct ca. 270% Boutin et al. (2001)

tMCAo # infarct ca. 243% Ohtaki et al. (2003)
IL-1ra tMCAO " cortical infarct (ca. eightfold) Boutin et al. (2002)
IL-1RI tMCAO no change Touzani et al. (2002)
IL-1RAcP tMCAO no change Boutin & Rothwell (2002)
IL-4 tMCAO # infarct ca. 227% Boutin & Rothwell (2002)
IL-6 tMCAO no change Clark et al. (2000)
IL-10 pMCAO " infarct ca. 130% Grilli et al. (2000)
IL-18 HI # infarct ca. 221% Hedtjarn et al. (2002)
TNF p55 tMCAO " infarct ca. 121% Gary et al. (1998)
TNF p75 tMCAO no change Gary et al. (1998)
TNF p55/p75 tMCAO " infarct ca. 118% Gary et al. (1998)

exact role played by IFNg in the disease process is still
not clear since it has been reported that IFNg treatment
can actually reduce symptoms in the experimental allergic
encephalomyelitis (EAE) model of the disease (Furlan et
al. 2001). Current treatments for MS use immunosup-
pressant or anti-inflammatory approaches, and treatment
with the cytokine interferon-b (IFNb) (Hohlfeld & Wiendl
2001). The mechanisms of action of IFNb are not fully
known, but in vitro it suppresses many actions of IFNg,
inhibits the expression and release of IL-1 and TNFa, and
induces release of IL-1ra (Coclet-Ninin et al. 1997; Jungo
et al. 2001). One study reported that IFNb is also neuro-
protective in experimental stroke in rodents (Veldhuis et
al. 2002), indicating potentially common mechanisms in
these seemingly very different diseases.

Perhaps the greatest current interest in the role of
inflammation in chronic CNS disorders is in Alzheimer’s
disease (AD). Extensive neuropathological studies reveal
many of the hallmarks of inflammation in the brains of
AD victims, including microglial activation, expression of
cytokines and complement, and invasion of immune cells
(McGeer & McGeer 2002b). There has been debate over
the value of anti-inflammatory drugs such as aspirin in
the treatment of AD. Epidemiological studies suggest that
patients on long-term anti-inflammatory treatments have
a significantly reduced risk of AD, yet prospective trials
of such drugs in AD have yielded inconsistent outcomes
(Zandi & Breitner 2001; Pasinetti 2002).

Indirect evidence has implicated specific cytokines in
the pathogenesis of AD (Wyss-Coray & Mucke 2002). IL-
1, for example, induces expression of amyloid precursor
protein (APP), appears to alter cleavage of APP, and can
cause phosphorylation of tau protein, which are the pri-
mary components of the tangles that are common in AD
(Li et al. 2003). However, direct evidence for the contri-
bution of these molecules is lacking, not least because of
the difficulties in developing robust animal models that
mimic the behavioural as well as pathological features of
AD. Nevertheless, transgenic mice over-expressing APP
carrying mutations identified in AD patients, exhibit some
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key features of AD (Janus & Westaway 2001), and it
should now be possible to cross these with mice lacking
specific cytokines or look to more chronic interventions.

Polymorphisms in cytokines (notably IL-1 and IL-1ra)
have been linked to early development of AD, again sug-
gesting a causal link between IL-1 and the disease
(Griffin & Mrak 2002). A major risk factor for AD is head
injury (Lye & Shores 2000; Jellinger et al. 2001), which
induces local expression of cytokines and other inflamma-
tory molecules (see above), and there are many parallels
between vascular dementia and AD (Erkinjuntti 2002;
Kalaria 2002), again highlighting a potential commonality
in mechanisms of varied CNS disorders.

More recently, indirect evidence has implicated inflam-
mation in Parkinson’s disease (PD) and amyotrophic lat-
eral sclerosis (ALS) and in the transmissible spongiform
encephalopathies in animals (e.g. scrapie, bovine spongi-
form encephalopathy (BSE)) and humans (Creutzfeldt–
Jakob disease (CJD)) (Maimone et al. 2001; Czlonkowska
et al. 2002; McGeer & McGeer 2002a; Van Everbroeck
et al. 2002).

5. MECHANISMS UNDERLYING INFLAMMATION
AND CNS INJURY

Most of the studies and reviews of inflammation and
CNS injury to date have been either disease-specific (e.g.
with focus on MS or AD), or mediator-specific (e.g. with
focus on cytokines, complement or microglia). A key
question is whether common mechanisms can be ident-
ified for diverse CNS disorders, and thus potentially tar-
geted. Secondary to this is the question, if common
mechanisms of inflammation do contribute to diverse
forms of CNS disease, how do we explain the enormously
varied aetiology, presentation and time-course? At two
extremes, head injury is a rapid, accidental event that most
commonly affects young people, while PD is characterized
by damage to specific brain regions, motor disturbances
and a chronic degenerative state. Similarly, stroke is an
acute (but sometimes recurring) event that affects elderly
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Figure 1. Overview of cells involved in cytokine release and action in neurodegeneration. Many cell types can release and
respond to cytokines (grey circles) and produce direct or indirect effects on neurons that contribute to, or limit, neuronal cell
death in response to different insults.

patients and causes rapid and often catastrophic events,
while AD progresses over decades, mostly in the elderly,
but occasionally presents (mainly with clearly inherited
disorders) in younger people.

A broader view of these distinct diseases reveals some
blurring of definitions. Competitive boxers commonly sus-
tain repetitive head injury; many suffer traumatic brain
damage, acute or delayed stroke or haemorrhage or
delayed symptoms of either PD or AD (Guterman &
Smith 1987). There is a clear overlap between AD and
vascular dementia (Erkinjuntti 2002; Kalaria 2002), and
external factors such as systemic infection could have a
detrimental impact on many of the CNS degenerative
conditions (Perry et al. 2003).

The varied presentations of the diseases described above
could be explained on the basis of the brain region prim-
arily affected, the severity and duration of the primary
insult (whether extrinsic or intrinsic) and other con-
founding or influencing factors. However, these putative
explanations remain to be proven and the most pragmatic
approach is still based on clinical diagnosis. The scientific
challenge is to elucidate the common and the distinct under-
lying mechanisms, and thus to identify both general and
disease-specific therapeutic targets.

6. CELLS INVOLVED IN INFLAMMATION AND CNS
INJURY

Studies on CNS injury have focused predominantly on
neurons. It is these cells that primarily determine CNS
(and organismal) function and survival, and which (apart
from perhaps rare circumstances of neurogenesis), cannot
be replaced once lost. The role of other cell types or sub-
types in CNS disease is becoming increasingly apparent
(figure 1). White matter damage (axons) is a recognized
feature of MS, but is now attracting considerable attention
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in stroke (Dewar et al. 1999; Goldberg & Ransom 2003).
Glia occupy the majority of the brain volume and play an
active role in normal physiology and pathology (Raivich et
al. 1999). The primary glial cells implicated in inflam-
mation are microglia. These are cells of the
monocyte/macrophage lineage, which are resident in the
brain and are activated in response to infection, inflam-
mation and injury (Streit 2002). Microglia are activated
rapidly in response to such insults, and take on the mor-
phology of activated macrophages (from which they are
indistinguishable). They are important phagocytic cells
and release numerous inflammatory molecules, parti-
cularly cytokines (Hanisch 2002). The contribution of
astrocytes is more complex. These cells play key physio-
logical roles in supporting neurons, regulating ion and
transmitter concentrations and in electrical transmission,
but are also an important source of neuroprotective (e.g.
a number of neurotrophins) and inflammatory/potentially
neurotoxic molecules (Chen & Swanson 2003). Oligoden-
drocytes, the third type of glia, are critical for myelination,
but are also a source of specific inflammatory molecules
(Baumann & Pham-Dinh 2001; Du & Dreyfus 2002).

Another important impact on brain injury is the vascul-
ature. Vascular endothelial cells are both targets and
sources of inflammatory mediators (e.g. nitric oxide (NO)
and prostanoids), and are particularly important in the
adhesion of circulating cells of the immune system
(Couraud 1994). The specific contribution of leucocytes
and macrophages is now emerging. In injury settings the
blood–brain barrier increases in permeability, and in some
cases may break down altogether, allowing access of leuco-
cytes into the brain parenchyma where they may release
neurotoxins, activate endogenous inflammatory processes
or, in the case of macrophages, phagocytose cells or cell
debris (Raivich et al. 1999; del Zoppo et al. 2000).
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7. MEDIATORS OF INFLAMMATION

Most, if not all, of the primary mediators of inflam-
mation identified in peripheral tissues are also expressed
in the damaged CNS, and have been implicated either
directly or indirectly in CNS inflammation and disease.
This review does not attempt to provide a detailed analysis
or discussion of each of these, but will highlight the key
groups of mediators with specific focus on the cytokines
(see below).

The primary mediators of inflammation such as the
complement cascade, kinins, eicosanoids, NO and platelet
activating factor (PAF), have all been reported to be
expressed and/or released in response to insults to the
CNS in animals and humans, and in isolated neurons or
glia in vitro. Primary evidence for their involvement in
CNS injury, through experimental intervention, is also
available. Thus, for example, inhibition of the synthesis or
action of specific components of the complement cascade,
bradykinins, eicosanoids (particularly cyclooxygenase-2
enzyme (COX-2) and phospholipases), NO or PAF
reduce both inflammation and neuronal injury in some
experimental models (Bonventre 1997; del Zoppo et al.
2000; Gasque et al. 2000). In most cases, the contribution
of these molecules to CNS injury per se (e.g. through direct
influences on neuronal survival, cerebral blood flow and
oxygen delivery or excitotoxicity) has not been clearly dis-
tinguished from their roles in inflammation, and clinical
studies are almost exclusively descriptive. Thus evidence,
if taken in isolation, is often compelling, but there are con-
siderable gaps.

We have little information on the sequence of events
or relationships between key steps in the pathways that
determine the order or relative importance of putative
mediators of injury. In some cases, data rely heavily on in
vitro approaches or on specific interventions in vivo, and
in most cases clinical data are limited or absent. Perhaps
the greatest contribution has been found in the role and
mechanisms of action of cytokines in CNS inflammation
and injury, though even here there are many unan-
swered questions.

8. CYTOKINE ACTIONS

Cytokines have a multitude of actions in the CNS that
could be important in neurodegenerative disease. These
can be broken down into pro- and anti-inflammatory
effects, with the latter generally viewed as neuroprotective
whereas the former are mostly neurotoxic. However, it is
not as simple as this, as there is significant overlap in func-
tions between different cytokines and hence considerable
redundancy. Furthermore, the role of a particular cytokine
could change over time with early expression after injury
contributing to the ongoing pathology, whereas later
expression assists in the repair and recovery process, or
vice versa. This is important to clarify, as it may be criti-
cally important in the design of therapeutic strategies to
target a particular cytokine.

The effects of cytokines can depend on which cell type
they act upon and whether it is a direct or indirect effect
(Allan & Rothwell 2001). Sites of action are determined
by the presence of the appropriate receptor on the mem-
brane of a particular cell. Most cytokine receptors have
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been described in the CNS (Szelenyi 2001), albeit for
many at very low levels, although rapid upregulation can
occur after injury. In terms of defining mechanisms of
action, it is important to consider the experimental system
used since effects observed on a single-cell population in
isolation may not be mirrored in a more complex situation
with an array of cell types such as is the case in vivo.

Direct actions of cytokines on neurons have mostly been
reported in vitro and include changes in calcium entry,
neurotransmitter release and synaptic plasticity, all of
which could contribute to neuronal viability in the injured
brain. Many of these effects would actually be deemed
neuroprotective and this illustrates the importance of
determining in vitro versus in vivo actions. It is difficult to
demonstrate unequivocally the direct effect of cytokines
on neurons in vivo but certain neuronal responses can cer-
tainly be modified, be it indirectly or directly, by cyto-
kines. This includes seizure activity, which is enhanced by
IL-1 administration (Vezzani et al. 1999).

In the intact brain, glia and neurons are extensively
linked, and they can have profound effects on each other’s
function, the latter being dependent on glial support for
survival. Glial cells are a primary source and target of
many cytokines in the CNS, and they can release many
neuroactive substances in response to cytokine stimu-
lation, both neuroprotective and neurotoxic. These
include neurotrophins and growth factors that might pro-
mote neuronal survival (Du & Dreyfus 2002). By contrast,
many potential neurotoxic substances such as NO, free
radicals, proteases and excitatory amino acids can be pro-
duced by activated microglia (Raivich et al. 1999). From
this it can be seen that the final outcome in terms of neu-
ronal viability, in response to injury, will depend on both
the cytokine profile and the different substances released
by glial cells in response to those cytokines.

Cytokines and their receptors are present on the brain
vasculature and initiation of inflammation in the brain in
response to ischaemic injury occurs in the cerebral vascu-
lar endothelium (del Zoppo et al. 2000). Direct effects of
cytokines on blood flow have not been reported but
numerous actions have been reported on the brain vascul-
ature that could affect neuronal viability. For example,
pro-inflammatory cytokines such as IL-1 and TNFa can
cause blood–brain barrier breakdown (Quagliarello et al.
1991; Blamire et al. 2000), upregulate adhesion-molecule
expression (Wong & Dorovini-Zis 1992) and induce
vasogenic oedema (Holmin & Mathiesen 2000), as well as
trigger the release of toxic substances such as NO from
the vascular endothelium (Bonmann et al. 1997). The net
effect of many of these actions is to increase the invasion
of leucocytes into the brain parenchyma, which could con-
tribute to injury.

9. INFLAMMATION: BENEFICIAL OR
DETRIMENTAL?

A key question to consider in respect of the role of
inflammation in CNS injury is whether it is, primarily, a
good or a bad thing. In reality however, it is not as
straightforward as this, since different inflammatory
mediators have been shown to be detrimental, beneficial
or both. Indeed many cytokines with clear detrimental
effects on acute injury show beneficial actions when
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administered prior to the event in a manner similar to
minor insults such as ‘preconditioning’ ischaemia (Tasaki
et al. 1996; Jander et al. 2001). Overall, it is probably the
balance between these effects that is important in
determining the outcome (Nguyen et al. 2002).

In general, inflammation in the periphery, when appro-
priately activated and de-activated, is beneficial in the host
defence response, in combating invading pathologies, isol-
ating and removing damaged cells and promoting repair
and recovery. The same may be true in CNS where lim-
ited (in severity and duration) inflammatory responses
may have benefit. It is difficult to assess this benefit in
evolutionary terms since most neurodegenerative dis-
orders occur well after reproductive age and CNS injury
is unlikely to have been sustainable—so such conditions
are features of ‘modern life’. It is possible that the inflam-
matory processes that benefit peripheral disease are also
present in the brain, but have largely detrimental actions,
particularly in the acute phase of the disease. At present,
the role of inflammation and inflammatory mediators in
CNS repair and recovery is unknown, but several experi-
mental studies imply beneficial effects of specific inflam-
matory mediators in repair, regulation and recovery.

10. THERAPEUTIC TARGETS AND CLINICAL
RELEVANCE

The identification of therapeutic targets depends on
clear delineation of the beneficial and detrimental effects
of inflammation and the roles of specific inflammatory
mediators in both acute and chronic neurodegenerative
states.

In acute CNS injury (e.g. stroke, brain injury), extensive
data are available on specific mediators and their roles in
experimental studies, largely in rodents. Here, general
anti-inflammatory treatments may be beneficial in the pre-
vention of injury. For example, both statins and aspirin
have reported benefits and it is assumed that these effects
are largely due to effects on cholesterol and coagulation,
respectively. However, some benefit may accrue from their
anti-inflammatory actions (Emsley & Tyrrell 2002).

The most extensive evidence to date focuses on the role
of IL-1 in acute neurodegeneration and the most
advanced strategy is the use of IL-1ra. Clinical evidence
supporting the role of IL-1 is largely indirect, including
increased expression of IL-1 in CNS and of other inflam-
matory markers, which are induced by IL-1 in circulation.
Furthermore, fever is a common and detrimental early
consequence of brain damage (Ginsberg & Busto 1998;
Rossi et al. 2001), and IL-1 is one of the primary endogen-
ous pyrogens (Dinarello 1999).

IL-1ra is in early safety/feasibility trials on stroke and
has the advantage that no adverse effects have been
reported to date in animals or humans. Indeed IL-1ra is
licensed for use in the treatment of rheumatoid arthritis
(Bresnihan 2001). However, IL-1ra is a large molecule
(17 kDa), and while it does penetrate the brain in rodents
(Gutierrez et al. 1994), a major question exists over
whether brain entry is sufficient or rapid enough to offer
benefit in the injured brain. Other strategies to modify IL-
1 bioactivity include inhibition of expression, cleavage
(e.g. through caspase-1 inhibitors), soluble receptors or
binding proteins (which again raise questions over brain
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penetration), small molecule receptor antagonists and
inhibitors of signalling.

Targeting other cytokines is less well advanced, parti-
cularly since some (e.g. TNFa, interleukin-6) have
reported beneficial as well as detrimental effects (Allan &
Rothwell 2001). Molecules known as anti-inflammatory
cytokines (e.g. interleukin-10, transforming growth factor-
b and IFNb) have reported neuroprotective effects, but
the experimental data are limited and side effects may
prove a problem. Several other anti-inflammatory stra-
tegies are under consideration, including general inhibitors
of microglial activation, chemokines, complement, NO,
COX-2, neutrophil invasion and adhesion molecules.
Some have entered clinical trial, but with negative or
adverse outcomes (Enlimomab Acute Stroke Trial Investi-
gators 2001; Legos et al. 2002; Narayan et al. 2002).

The failure of numerous clinical trials in stroke and
head injury is now an issue for major concern. In some
cases, the reasons are clear and have included insufficient
preclinical data, limited efficacy of the test compound,
unacceptable side effects or poorly designed clinical trials
(Stroke Therapy Academic Industry Roundtable 1999;
Narayan et al. 2002; Fisher & Brott 2003). Nevertheless,
these many failures do question the relevance of currently
available experimental studies to clinical brain injury and
the general strategy for clinical trial design. It may prove
necessary to undertake more extensive preclinical research
in higher species including primates, which raises obvious
ethical issues. It may also be necessary to conduct more
focused and intensive clinical studies on newly defined
patient groups to test ‘proof of principle’ before consider-
ing the general ability of any treatment for wider patient
participation.

Identification of valuable therapeutic anti-inflammatory
targets for chronic CNS disorders is somewhat limited by
the experimental models available. IFNb, in current use
for MS, is probably dependent on inhibition of inflam-
mation, and COX-2 inhibitors may become generally used
in AD. However, the chronic benefits of IFNb are limited
or absent. For other chronic disorders, further evidence is
required, but anti-inflammatory approaches, if safe and if
shown to have efficacy in acute disease, may be tested in
chronic disorders.

11. CONCLUSIONS/FUTURE RESEARCH

Inflammation in the brain and its contribution to CNS
injury is a relatively new area of research and clinical inter-
est, but is now the focus of extensive investigation. Inflam-
mation, though beneficial in many diseases, is not a
feature of healthy tissue. Thus, specific anti-inflammatory
treatments are unlikely to have adverse effects on normal
function. This is in contrast to the many therapeutic
approaches tested or used to date such as glutamate or
calcium antagonists, inhibitors of sodium channels, or
modifiers of dopaminergic, serotonergic or cholinergic
function. All of these processes are essential for normal
function, so modification may have unwanted effects.
Nevertheless there remain many unanswered questions
about the relative importance of specific mediators of
inflammation, their beneficial as well as detrimental
effects, and the possibility of redundancy, since many
cytokines have similar actions. We know relatively little
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about the mechanisms of action of inflammation in CNS
disease and experimental studies have often focused on in
vitro approaches or on very short outcomes after inter-
ventions on in vivo experimental models.

A rapidly emerging area is the study of polymorphisms
in cytokine genes, particularly IL-1 and TNFa, which
have been linked to CNS disorders (Kanemoto et al. 2000;
McGeer & McGeer 2001; McGeer et al. 2002; Schulte et
al. 2002). These studies are likely to yield valuable infor-
mation on the mediators of CNS disorders and possible
identification of patients ‘at risk’ who may therefore bene-
fit from early treatment. By contrast, we know little about
the impact of environmental factors on susceptibility to
inflammation or the interactions between environment
and genes.

Finally, we need to consider which patients should be
targeted and the likely benefits. For example, a reduction
of mortality in stroke or head injury, which results in more
severely disabled patients or prolongation of the end-
stages of chronic CNS disorders, is of questionable bene-
fit. These may be physiological and sociological rather
than scientific issues, but ones that should be on the
agenda for all scientists.
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