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The last 5 yr have witnessed significant changes in research di-
rection and new discoveries about the mechanisms of neurode-
generation. Earlier studies on neuronal death focused on neu-
rons, neuronal pathways, and neurotransmitters. Now similar
interest is directed toward glia and vascular cells, peptides, and
inflammatory processes in the brain. This research has already
revealed several potential therapeutic targets for the treatment
of acute brain damage such as stroke and brain injury.

The brain fails to exhibit a classical “inflammatory response,”
generally characterized by early invasion of macrophages and
leukocytes. Nevertheless, the brain can exhibit many of the
hallmarks of inflammation when subjected to ischemia, injury,
or infection. Such responses include edema, activation of resi-
dent phagocytic cells (microglia), invasion of circulating im-
mune cells, and activation or induction of numerous inflam-
matory molecules including cyclooxygenase products, Kinins,
complement, acute phase proteins, and proinflammatory cy-
tokines. Of the cytokines, we have identified IL-1 as a media-
tor of diverse forms of acute neurodegeneration. IL-1 has also
been implicated in chronic neurological conditions.

IL-1

The IL-1 family currently comprises at least two known ago-
nists, IL-1a and IL-13. Most studies to date suggest that IL-13
plays the major role in the brain and in neurodegeneration.
Rapid induction of IL-18 (mRNA transcripts within 15 min
and protein within 1 h) has been reported in the brains of ro-
dents subjected to experimental insults that lead to neuronal
damage and death such as cerebral ischemia, brain trauma, or
administration of excitotoxins (1). These observations are sup-
ported by clinical studies in which increased IL-1 expression
has been observed in postmortem brain tissue or cerebrospinal
fluid of adult patients with various neurodegenerative condi-
tions, including stroke, brain injury, movement disorders such
as Parkinson’s disease, Alzheimer’s disease, epilepsy, multiple
sclerosis, and central nervous system (CNS)' infections, in-
flammation, and tumors (1).
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IL-1B is formed as an inactive precursor that requires
cleavage by a specific enzyme, IL-13 converting enzyme (ICE
or caspase I). ICE shares homology with ced-3, a death gene in
the worm Caenorhabditis elegans, and was the first identified
member of the caspase family, a group of cysteine proteases
that execute apoptosis (2). ICE is also present in the brain,
where apoptosis may contribute to various forms of neurode-
generation.

The third member of the IL-1 family, IL-1 receptor antago-
nist (IL-1ra), is probably the only current example of a natu-
rally occurring molecule that functions solely as a selective,
competitive receptor antagonist, with no significant agonist ac-
tions. IL-1ra blocks all known actions of IL-1, and has proved
an invaluable experimental tool. IL-1ra is also a potentially ef-
fective therapeutic agent that appears to have no side effects
or toxicity, at least to date.

IL-1 mediates diverse forms of neurodegeneration

Constitutive expression of IL-1 in the brain of normal healthy
animals is extremely low. However, this cytokine plays a major
role in neuroimmune interactions, and mediates diverse re-
sponses to systemic and cerebral disease and injury (3).

IL-1 itself is not toxic to healthy brain tissue or normal neu-
rons, but does markedly enhance ischemic, excitotoxic and
traumatic brain injury at low (picomolar) concentrations (4).
This suggests that it may interact with other molecules re-
leased or induced by damage, or that it affects only compro-
mised neurons.

We reported that blocking the actions of IL-1 by intracere-
broventricular administration of IL-1ra reduces ischemic and
excitotoxic brain damage in the rat (5), and therefore we pro-
posed that IL-1 mediates these forms of neurodegeneration.
These initially controversial findings have now been verified and
extended by numerous studies (Fig. 1). IL-1ra reduces damage
caused by focal or global, permanent or reversible ischemia,
excitotoxic, traumatic, or inflammatory brain damage. It also
inhibits detrimental effects of heat stroke and epilepsy (6).

Unusually, IL-1ra protects striatal as well as cortical tissue
in focal cerebral ischemia (middle cerebral artery occlusion)
(6). It also reduces edema, inhibits glial activation, and im-
proves neurological function of the animals (7). It is effective
when administered peripherally and when treatment is de-
layed up to 1 h after focal ischemia and at least 4 h after brain
trauma (3, 4).

The findings that IL-1ra inhibits neuronal loss caused by
various types of damage suggest that endogenous IL-1 acts at a
late stage in the pathway of neuronal death, which is common
to a range of insults.

IL-1ra blocks all known actions of IL-la and IL-1B, and
therefore does not distinguish the importance of either form of
IL-1. However, additional studies using anti—IL-1B criteria to
neutralize IL-1B, or inhibitors of ICE to prevent cleavage (8),
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Figure 1. Summary of neuroprotective effects of recombinant IL-1ra
in rodents in focal cerebral ischemic (middle cerebral artery action,
IL-1ra, 10 pg, intracerebroventricularly), lateral fluid perfusion injury
(IL-1ra, 10 g, intracerebroventricularly), and striatal injection of
NMDA or AMPA receptor agonists (IL-1ra, 5 pg, intrastrially).
Open bars, vehicle; filled bars, IL-1ra.

lend support to the notion that IL-1 is the major player. Nev-
ertheless, contributions of IL-1«, and a putative third member
of the family, IL-18/IL-1+y, cannot be excluded.

IL-1, ICE, and apoptosis

ICE and related caspases are the subject of intensive research
efforts because of their involvement in apoptosis. In the CNS,
their biological and pathological importance and the contribu-
tion of apoptosis to neuronal death remain somewhat contro-
versial. Numerous reports now provide evidence that apop-
totic death contributes to neurodegeneration in the adult brain
largely based on measurements of DNA scission. In contrast,
the number of cells showing classical apoptotic morphology
and ultrastructural changes (e.g., as detected by electron mi-
croscopy) is usually very low. However, the use of morpholog-
ical criteria derived from studies on apoptosis in immune cells
may be inappropriate for adult neurons that are postmitotic,
are probably not phagocytosed rapidly, and may enter second-
ary necrosis. Indeed, functional data suggest that apoptotic
mechanisms do operate in the brain, since several pathways
and molecules associated with apoptosis are induced by brain
damage. For example, caspases, members of the bcl-2 family,
and p53 are upregulated in the brain in response to the insults
leading to neuronal death. Overexpression of molecules that
inhibit apoptosis (such as bcl-2) reduces neuronal death, and
inhibition of caspase activity also inhibits neurodegeneration
in vitro and in vivo. The nonselective caspase inhibitor, zZVAD,
reduces ischemic brain damage in the rat in a similar pattern to
the protection offered by IL-1ra (8). Furthermore, mice in
which the ICE (caspase I) gene is deleted or disabled (by over-
expression of a dominant negative recombinant ICE gene)
also exhibit reduced ischemic damage (9). All of these findings
indicate that known mechanisms and mediators of apoptosis
are important in neurodegeneration.

Thus, a major question is whether there is a direct func-
tional relationship between the actions of ICE on cleavage of
pro-IL-1B (and pro-IL-18/IL-1v) to release active cytokine and
its role in apoptosis. Given that this enzyme is highly con-
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served (for example between C. elegans and humans), it ap-
pears unlikely that such functions have evolved by chance and
are functionally unrelated. Earlier studies suggested that
cleavage of IL-1B is not essential for apoptosis, and that IL-1
itself does not contribute to apoptotic cell death. However, re-
cent findings question this view. Although IL-18 does not
cause apoptosis directly, it does appear to be required for apop-
tosis in several cell types in vitro (10).

Mechanisms of IL-1 action in neurodegeneration

At this time, the mechanisms and mediators of IL-1 actions in
neurodegeneration are unknown, though several hypotheses
have been proposed. Two factors have hindered studies to in-
vestigate the mechanisms of IL-1 action. First, IL-1 itself is not
neurotoxic in the absence of other insults, so most studies have
focused on exacerbation of damage by IL-1 or inhibition (by
blocking release or actions of endogenous IL-1). Second, in
vitro experiments have frequently failed to mimic observed ef-
fects of IL-1 or IL-1ra on neuronal death in vivo. In primary
cultured neurons, IL-1 inhibits excitotoxic death, and this pro-
tection is reversed by blocking nerve growth factor activity
(11). Unlike its effects in vivo, IL-1ra fails to protect against
excitotoxicity in cultured neurons (11), although IL-1 is toxic
to neurons cocultured with glia even in the absence of other
challenges. Therefore, IL-1 may influence neuronal survival or
death via complex actions involving glia. Further studies indi-
cate that IL-1 can also influence neuronal survival by actions
on neuronal pathways and on vascular or endothelial cells in
the brain (3, 4).

We have observed highly site-specific effects of IL-1 and
IL-1ra in the rat brain that can influence neuronal death at dis-
tant sites. IL-1 injected into the cerebral ventricles exacerbates
ischemic brain damage, and this effect is mimicked by local in-
jection of IL-1 into the striatum, which markedly increases
both striatal and cortical damage (4). In contrast, injection of
IL-1 (even at much higher doses) into the cortex has no effect
on damage in either region. Similarly, IL-1ra is protective
when injected into the striatum, but not the cortex of rats ex-
posed to cerebral ischemia (4). In excitotoxic damage, IL-1ra is
again protective when infused into the striatum, but not in the
cortex. Coinfusion of IL-1 with S-AMPA into the striatum
leads to very extensive damage in the cortex (Fig. 2), but no
exacerbation is seen when IL-1 is administered directly into
the cortex (12). Therefore, we have proposed that IL-1 and IL-
1ra must activate receptors and mediators present in the stria-
tum, but not the cortex, and that these can affect neuronal sur-
vival locally (i.e., the striatum) and at distant sites, (e.g., in the
cortex) probably by activating specific neuronal pathways. The
nature of these receptors, mediators, and pathways are as yet
unknown.

Experiments based largely on in vitro approaches have
identified various factors that may be induced or activated by
IL-1 and could subsequently cause, or contribute to, neuronal
damage. These “factors” include phospholipase A,, cyclooxy-
genase, and their products, nitric oxide, superoxides, com-
plement, adhesion molecules, B-amyloid precursor protein
(BAPP), corticotrophin-releasing factor, and, undoubtedly,
numerous others (3, 4).

Endogenous regulators of IL-1

Important regulators of IL-1 have been identified, largely from
studies on peripheral tissues or cells. Several of these are
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known to function in the brain. Glucocorticoids inhibit the ex-
pression and actions of IL-1 but have complex effects on neu-
ronal survival. In contrast, lipocortin-1 (annexin-1), a mediator
of glucocorticoid actions, is a potent inhibitor of ischemic and
excitotoxic brain damage and is upregulated in the CNS in re-
sponse to these insults (13).

Perhaps the most potent and selective inhibitor of IL-1 ac-
tions is its naturally occurring antagonist, IL-1ra. Immunoneu-
tralization of endogenous IL-1ra exacerbates ischemic brain
damage (14), suggesting that IL-1ra is a functional IL-1 antag-
onist that may limit neuronal death. Using an affinity-purified
rabbit anti-rat IL-1ra antiserum, we have assessed (by immu-
nohistochemistry) IL-1ra expression in rat brain after lateral
fluid percussion trauma, which causes localized cortical dam-
age. IL-1ra distribution in the brain of control (nonoperated)
animals (Fig. 3 A) is comparable to that seen in the brain of
sham-operated rats (Fig. 3 B). In both cases, IL-1ra protein is
expressed at low level in the hippocampus and cortex. Fluid
percussion trauma causes a dramatic increase in IL-1ra expres-
sion, particularly in the CA,-CA; layers and dentate gyrus of
the hippocampus, and in neurons in the injured cortex, in the
area adjacent to the impact site (Fig. 3 C). IL-1ra expression is
most evident in areas adjacent to the lesion in which neuronal
death does not occur, which is consistent with the proposed en-
dogenous protective action of this molecule. Identifying and
understanding the factors which differentially regulate IL-1
and IL-1ra expression may lead to effective therapeutic tar-
gets. Antiinflammatory cytokines such as IL-4, IL-10, and
TGF, which can induce IL-1ra and suppress IL-1 expression,
are potential candidates, and have already been shown to be
neuroprotective.

1L-1 and chronic neurodegenerative conditions

The data discussed above indicate that IL-1 contributes di-
rectly to acute, experimental neuronal death such as stroke
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Figure 2. 1L-1 exacer-
bates excitotoxic damage
caused by S-AMPA, lead-
ing to extensive cortical
neuronal loss. Cartoon
depicting damage (shaded)
caused by local infusion
of S-AMPA (left, 7.5
nmol) into the striatum of
rats. Infusion of IL-1
alone (10 ng) causes no
damage (data not shown).
Coinfusion of IL-1 and
S-AMPA into the stria-
tum (right) causes exten-
sive cortical damage.

and brain injury. Further evidence exists to implicate IL-1 in
chronic disorders. The expression of IL-1 is reportedly in-
creased in the brains of patients with various neurological dis-
orders including epilepsy, multiple sclerosis, Parkinson’s dis-
ease, motor neuron disease, Alzheimer’s disease, and Down’s
syndrome. In most cases, measurements have been reported in
patients with advanced disease, so IL-1 expression may result
from, rather than cause, neuronal damage. Nevertheless, cere-
bral ischemia and excitotoxicity may contribute to many of the
chronic disorders noted above, and head injury is a significant
risk factor for Alzheimer’s disease.

IL-1ra markedly inhibits the clinical symptoms of experi-
mental allergic encephalomyelitis (an animal model of multi-
ple sclerosis), and also inhibits induction of BAPP after acute
brain damage in rodents (15). Indeed IL-1 can induce many of
the responses that characterize Alzheimer’s disease (e.g., ex-
pression of BAPP and acute phase proteins, induction of com-
plement, and activation of glia), thus providing further circum-
stantial evidence that IL-1 may contribute to the development
or progression of this and related dementias (15).

Therapeutic implications

Very few treatments have shown significant benefit in neuro-
degenerative diseases to date. Indeed, failures of major clinical
trials for new treatments in stroke and head injury are being
reported with alarming regularity. There are numerous poten-
tial explanations for these failures, including insufficient pre-
clinical data in varied animal models, the poor clinical rele-
vance of rodent models to clinical conditions, and design faults
or limitations of clinical trials. A significant issue in such trials
has been the balance between safety and efficacy, and it is no-
table that most therapeutic interventions to date have targeted
processes that are overactivated in stroke or injury, but are
also important for normal brain function (e.g., modification of
glutamatergic pathways or ion channel activity).
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IL-1ra has shown quite remarkable protection in diverse
experimental models of neurodegeneration and is effective (al-
beit at high doses) in rodents when administered peripherally,
even sometime after the insult. Furthermore, IL-1ra appears to
have few if any side effects or toxicity in animals or humans.
Some of the other actions of IL-1ra, such as inhibition of fever
and sickness behavior (e.g., loss of appetite) and analgesia,
may also be useful in treating neurodegenerative diseases. In
spite of these considerable attractions of IL-1ra, future thera-
peutic strategies are likely to focus in small, nonpeptide inhibi-
tors of the synthesis, cleavage, or actions of IL-1. This goal is
already the subject of intense investigation.
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