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Abstract

Interleukin-1 (IL-1) has been implicated in neuroimmune responses and has pleiotropic actions
in the brain. Compelling evidence has shown that IL-1 is a major mediator of inflammation and
the progression of cell death in response to brain injury and cerebral ischemia. Its expression is
strongly increased in these pathological conditions, and central administration of exogenous IL-1
significantly exacerbates ischemic brain damage. In contrast, inhibiting IL-1 actions (by intracere-
broventricular [icv] injection of IL-1ra, neutralizing antibody to IL-1 or caspase-1 inhibitor) signif-
icantly reduces ischemic brain damage. IL-1 acts by binding to the IL-1 type-I receptor (IL-1RI),
which is to date, the only known functional receptor for IL-1. However, our recent investigations
suggest that IL-1 can act independently of IL-1RI, raising the possibility that additional, as yet
undiscovered, receptor(s) for IL-1 exist in the brain. The recent characterization of putative, new
IL-1 ligands and new IL-1 receptor-related molecules leads to the hypothesis that there might be
alternative IL-1 signaling pathway(s) in the central nervous system (CNS).

Index Entries: Interleukin-1; IL-1F; new ligands; novel receptor; signaling; CNS.

Introduction

Inflammation is a complex biological process
that occurs in response to tissue injury and/or
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infection, and is characterized by a rapid influx
and activation of leukocytes (including mono-
cytes/macrophages and neutrophils) from the
circulating blood, with the ultimate goal of
elimination of invading pathogens and the
repair of the injured tissue. The central nervous
system (CNS) has historically been viewed as
an immune-privileged tissue, since immune
responses were thought to be constrained by
the tight junctions between endothelial cells of
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the blood-brain barrier that limits access of
peripheral immune cells. However it is now
clear that immune responses do indeed occur
in the brain, and have been implicated in many
neuropathological conditions, including acute
brain injury, stroke, and chronic neurodegener-
ative disorders (see [1,2] for review).

Stroke is the third greatest cause of mortality
in the western world. It is characterized by
occlusion of a cerebral artery resulting in
reduction of blood supply to the brain. This
leads to the development of a core, that is a
region of injury in which extensive neuronal-
cell death occurs, surrounded by a penumbra,
a hypoperfused region, in which an inflamma-
tory response is accompanied by mild-cell
death (see [3,4] for review). The main molecular
mechanisms involved in the progression of the
infarction is the release of excitatory amino
acids and the generation of highly neurotoxic
molecules such as reactive oxygen species, as
well as the development of an inflammatory
response. Inflammation of the brain is charac-
terized by early infiltration of leukocytes, acti-
vation of resident cells (e.g., microglia,
astrocytes, and endothelial cells) and produc-
tion of cytokines, of which IL-1, IL-6, and
tumor necrosis factor oo (TNFo) are the most
important (5,6). This report focuses on the role
of IL-1 in cerebral ischemia and reviews accu-
mulating evidence for new IL-1 receptor(s)
and/or alternative signaling pathway(s) in the
brain.

Interleukin-1 Family

IL-1 is a member of the interleukin family of
cytokines, a group of structurally and func-
tionally distinct soluble proteins secreted by
different cell types of the immune system and
other nonimmune cells. IL-1 has attracted
much interest since it was discovered, almost
20 years ago (7): it is produced by many cell
types, participates in diverse cellular processes
including cell activation, differentiation, prolif-
eration, and cell-to-cell interactions, and is a
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pivotal regulator of the immune responses to
infection and inflammation (8). More interest-
ingly, IL-1 has been found to play important
roles in the development of the inflammatory
responses of the brain to acute injury, chronic
neurodegenerative diseases, and infection
(1,2). The IL-1 family of cytokines includes two
agonists, IL-1o. and B, that are the products of
separate genes, with high-sequence homology
and are believed to share similar biological
functions (8). Both agonists are synthesized as
32 kDa precursor proteins. Pro-IL-1a is active
and can be cleaved to a 17 kDa mature form by
membrane-bound calpain. In contrast, pro-IL-
1B is inactive and requires cleavage to a 17 kDa
mature form by IL-1B converting enzyme
(ICE), also known as caspase-1, and this
mature IL-1B is the main form released from
cells. A third member of the IL-1 family is the
naturally occurring IL-1 receptor antagonist
(IL-1ra) that acts as a competitive inhibitor of
IL-1o0 and B actions by binding to the IL-1
receptor without inducing an intracellular sig-
nal (8).

IL-1oe and B trigger their intracellular actions
by binding to a specific 80 kDa plasma-mem-
brane receptor, the IL-1 type-I receptor (IL-1RI)
(9), which then associates with the 66 kDa IL-1
receptor-accessory protein (IL-1RAcP) to initiate
an intracellular signal (10). Both IL-1RI and IL-
1RACP have extracellular domains of approx 320
amino acids, which contain three immunoglobu-
lin(Ig)-like domains that are critical for ligand
binding, and therefore these receptors are mem-
bers of the immunoglobulin superfamily. Their
220 amino acid intracellular domains include a
conserved region of 200 amino acids, that is also
found in the intracellular domain of the Toll
receptor (11) and 18-wheeler (12), involved in
antifungal defence in adult flies and in the estab-
lishment of dorsoventral polarity in the develop-
ing embryo respectively. This conserved region
has therefore been named the Toll/IL-1R related
(TIR) domain and is also present in the intracel-
lular domain of mammalian homologs of Toll
called the Toll-like receptors (TLR) (see [13] for
review). A second, 68 kDa receptor for IL-1 has
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Fig. 1. Representation of the classical IL-1 signaling pathway and possible existence of novel IL-1B recep-
tor(s) and/or alternative IL-1 signaling pathway(s) exist in the brain, based on previous published studies as cited:
(1) Parker et al., 2002; (2) Malinowsky et al., 1998; (3) Touzani et al., 2001; (4) Debets et al., 2001; (5) Loven-

berg et al., 1996; (6) Wheeler et al., 2000; (7) Pan et al.,

2001; (8) Kumar et al., 2002; (9) Bufler et al., 2002.

Abbreviations: IL, interleukin; IL-1F, interleukin-1 family; IL-R, interleukin receptor; IL-1RAcP, interleukin-1-
receptor accessory protein; AcPL, accessory protein-like; IL-1Rrp2 interleukin-1-receptor related protein 2;
MAPK mitogen-activated protein kinase; NFxB, nuclear factor-kappa B.

been identified and termed the IL-1 type-II
receptor (IL-1RII). This receptor also possesses
three Ig-like extracellular domains but lacks the
entire cytoplasmic tail, and is therefore unable to
transduce a signal. Consequently, IL-1RII has
been proposed to act as a decoy receptor by
sequestering excess ligands (14). IL-1RII also
interacts with IL-IRAcP (15), suggesting that
this receptor sequesters not only IL-1B, but also
IL-1RAcP away from IL-1RL

IL-1RI, IL-1RII, and IL-1RACcP also exist as
soluble proteins (sIL-1RI, sIL-1RII, sIL-1RAcP)
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formed by proteolytic cleavage of the extracel-
lular domains of the membrane-bound recep-
tors, and soluble splice variants for IL-1RII and
IL-1RAcP have been reported (16,17). The func-
tion of these soluble proteins is still unclear, but
they may also act as soluble-decoy receptors,
possibly as heterodimeric soluble complexes,
that inhibit the actions of released IL-1.
Binding of IL-loc or B to IL-1RI induces
association of the receptor with the IL-1RAcP
and the formation of a high-affinity tri-com-
plex, which can initiate signal transduction.
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Downstream signaling elements, including
the adaptor MyD88 (18), the IL-1 receptor
associated kinase (IRAK) (19) and/or IRAK-2
(20), are recruited and activated. The IRAKs
then activate the TNF receptor associated fac-
tor 6 (TRAF6) (21), which induces distinct
intracellular-signaling pathways culminating
in the activation of nuclear factor-kappa B
(NFxB) and mitogen-activated protein kinases
(MAPKSs) p38, the extracellular signal-regu-
lated kinase p42/44 (ERK1/2), and the c-Jun
N-terminal kinase (JNK) (reviewed in [22]).
This leads to initiation of transcription of the
genes for other inflammatory mediators such
as IL-6, TNFa, and prostaglandin E2 (PGEy).

Pathology of IL-1 in the Brain

The IL-1 family and its receptors are
expressed in the brain, albeit at very low levels
under physiological conditions. IL-1 immuno-
reactivity has been detected in normal brain tis-
sue (23) and in cerebrospinal fluid (24).
Low-level expression of IL-1RI and IL-1RII has
been detected in restricted areas of the brain,
particularly in the hippocampus, the choroid
plexus, and the cerebellum, predominantly on
neuronal and vascular cells (25,26). In contrast,
IL-1RACP is highly expressed in many brain
regions including the cortex, the hippocampus
and the hypothalamus (27). The high level of IL-
1RACP in regions where IL-1RI has not been
detected suggests that IL-1RAcP may interact
with an additional new receptor for IL-1 and/or
have additional distinct functions. At the cellu-
lar level, expression of IL-1RI, IL-1RII, and IL-
1RACP has also been reported on glial cells,
predominantly on astrocytes (28-30) and oligo-
dendrocytes (31,32).

In contrast to normal conditions, increased
expression of IL-1at and 3 has been detected in
the brain after acute injury, infection, and dur-
ing neurodegenerative disorders including
Alzheimer’s and Parkinson’s diseases, multi-
ple sclerosis, and Down’s syndrome (see [1,2]
for review). Elevated levels of IL-1B in the
brain are, in all cases, associated with neu-
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ronal-cell death. In stroke, IL-1f levels are
increased at an early stage (from O to 3 h post-
ischemia) (5,33), and sustained during the
development of the infarction (until 72 h posti-
schemia) (34). The main source of brain IL-1
following cerebral ischemia appears to be
microglia (35), although later expression has
been detected in astrocytes (36,37). In addi-
tion, expression of IL-1B has also been
reported in oligodendrocytes (32) and neu-
rones (37). Expression of both IL-1RI and IL-
1RII is also increased in response to cerebral
ischemia (38,39), but only a slight increase in
the expression of IL-1RAcP is observed at 4
and 24 h after ischemia (40). Additional evi-
dences strongly implicate IL-1 as a major fac-
tor in the progression of the inflammation and
brain damage caused by cerebral ischemia.
Intracerebroventricular (icv) injection of IL-1
dramatically exacerbates ischemic-brain dam-
age, whereas inhibition of endogenous IL-1
(by icv injection of IL-1ra, a neutralizing anti-
body to IL-1, or specific caspase-1 inhibitor)
significantly reduces ischemic injury (41-43).
Furthermore, mice lacking caspase-1, or
expressing a negative mutant of caspase-1,
show a significant reduction of infarct volume
compared with wild-type mice (44,45), and
deletion of IL-10. and B reduces ischemic-brain
damage by about 80% (46). These observations
strongly implicate IL-1 as an important media-
tor of the progression of acute-brain injury.
However, several recent publications suggest
that IL-1 could act in the brain via an alterna-
tive receptor(s) and/or via activation of alter-
native signaling pathway(s).

Recent Extension of the IL-1 and IL-1
Receptors Families

During the last 5 yr the sequencing of the
human genome and the use of homology
searches of human genomic sequence data-
bases has led to the discovery of putative genes
(and related proteins) with homology to the
known members of the IL-1 family and their
receptors.
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The first IL-1 related cytokine discovered
was IL-18, originally named IL-1y or inter-
feron-y-inducing factor (IGIF) as it was
reported to induce production of interferon-y
from peripheral immune cells (47). IL-18
shares several features with the IL-1 family
since it is produced as a precursor protein that
is cleaved to a mature 18 kDa protein by cas-
pase-1. IL-18 binds to a plasma-membrane
receptor complex formed by the association of
the IL-18 receptor (IL-18R) (originally discov-
ered as the IL-1 receptor related protein (IL-
1Rrp) [48]) (49), and the IL-18 accessory
protein (AcPL) (50). These two proteins share
high-sequence homology with IL-1RI and IL-
1RAcP since they possess three Ig-like
domains and a TIR domain in their extracellu-
lar and intracellular regions respectively. In
addition, binding of IL-18 to its receptor com-
plex induces the recruitment and activation of
similar downstream elements to that of IL-1
(including MyD88, IRAK1/2, and TRAF®6),
leading to activation of similar intracellular
pathways (NFxB and MAPKs).

More recently, additional gene sequences
encoding six putative new ligands homolog of
the IL-1 family have been identified (51-56).
These new genes are clustered on the long arm
of chromosome 2q in humans, where genes for
IL-10, IL-1B and IL-1ra are also localized, sug-
gesting that they arose by a series of tandem
gene duplications from a common ancestral
gene. A unifying nomenclature for the new IL-
1 genes has therefore been proposed (IL-1F1-
IL-1F10) (reviewed in [57]). These new ligands
share 21 to 37% amino acid homology with IL-
1B and IL-1ra (reviewed in [57]), with the
exception of IL-1F5, which shares 52% homol-
ogy with IL-1ra. In addition, the tertiary struc-
ture of IL-1F5 is similar to that of IL-1ra (57),
suggesting that IL-1F5 may be another endoge-
nous antagonist that inhibits the actions of
either IL-10./B or other IL-1Fs.

New members of the IL-1 receptor family
have also been discovered. These include
T1/ST2 (58), the IL-1 receptor related protein
2 (IL-1Rrp2) (59), TIGIRR-1 (60,61), the IL-1
receptor accessory protein-like (ILIRAPL)
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molecule (60,62), and SIGIRR (63), bringing
the number of IL-1 receptor-related genes to
ten. With the exception of SIGIRR, which con-
tains only one extracellular Ig-like domain, all
the new receptors possess three extracellular
Ig-like domains and an intracellular TIR
domain, suggesting that they are theoretically
capable of binding IL-1 (or a related protein)
and transducing intracellular signals. How-
ever, the functions of these orphan receptors
remain unknown and none of them has been
shown to bind IL-1B, IL-1a, or IL-1ra.

IL-1F5 and IL-1F9 are highly expressed in
epithelial cells of the skin, lung, and stomach
and their expression, as well as IL-1Rrp2
expression, is increased in lesional psoriasis
in skin (64). IL-1F5 and IL-1F9 are also
expressed in activated monocytes and B-cells,
and IL-1F5 has been found in activated den-
tritic cells (52). Interestingly, IL-1F9 activates
NFxB in Jurkat cells transfected with IL-
1Rrp2, and this action is antagonized by IL-
1F5 (64), but neither IL-1F5 nor IL-1F9
activates NFkB via binding to IL-1RI. These
results suggest that IL-1F9/F5 and IL-1Rrp2
may act as an independent novel IL-1 signal-
ing system that is analogous to the classical
one of IL-1of3/IL-1ra and IL-1RIL.

IL-1F7 has been shown to bind the IL-18R
(55), and recently Kumar and coworkers have
reported that IL-1F7b, a splice variant of IL-
1F7, possesses a prodomain and a caspase-1
cleavage site, and cleavage at the predicted site
generates the mature form of the ligand (65).
They also showed that both the pro- and
mature- forms of IL-1F7b bind the soluble IL-
18-0-Fc fusion protein, although with a signifi-
cantly lower affinity than IL-18. Consistent
with this latter result, they also showed that IL-
18, but not IL-1F7b, induces IFNYy production.
A very recent report showed that after binding
to the IL-18 binding protein (IL-18BP), an
endogenous inhibitor of IL-18, IL-1F7b forms a
complex that binds to AcPL (66). This leads to
inhibition of the formation of a functional
receptor complex between AcPL and the IL-
18R, suggesting that IL-1F7b acts as an antago-
nist of IL-18 activity.
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Do Novel IL-1 Receptor(s)
and/or Alternative IL-1
Signaling Pathway(s) Exist
in the Brain?

In recent years, we have investigated whether
the expanding IL-1 family of cytokines and their
receptors trigger alternative actions in the brain,
via binding of either one of the classical ligands,
IL-1a0 or IL-1B to a new, as yet unidentified
receptor, or of one of the recently discovered lig-
ands to IL-1RI, IL-1RII or one to the recently dis-
covered new receptors.

IL-18 was the first IL-1-related protein dis-
covered and this cytokine, its receptor complex,
and IL-18BP are all expressed constitutively in
rat brain (67). IL-18 is upregulated in the late
stages of focal cerebral ischemia in rats (68) and
during the acute phase of experimental autoim-
mune encephalomyelitis in rats (69). These
observations suggest a role for IL-18 in inflam-
matory responses of the brain, but its actions in
the CNS are not yet known. In contrast to IL-1,
IL-18 is not pyrogenic (70) and although
expression of IL-18 has been reported in
microglia (71), its actions on glial cells have not
been elucidated. Thus, further investigations
are needed to identify the precise functions of
IL-18 in the CNS.

We have shown that icv injection of IL-1a. or
B dramatically exacerbates ischemic-brain
damage in mice, while icv injection of IL-1ra
significantly reduces ischemic injury (42,72). In
contrast, mice lacking IL-1RI exhibit similar
brain damage to their wild-type counterparts
and icv injection of IL-1f exacerbates ischemic-
brain damage to the same extent in wild-type
and IL-1RI-/- mice, whereas IL-1ra does not
confer any neuroprotection in mice lacking IL-
1RI (40). In IL-1RI-/- mice, IL-1 fails to induce
changes in body weight or to reduce food
intake. Furthermore these animals fail to
exhibit normal inflammatory and host-defence
responses to IL-1 (73), indicating that IL-1RI is
required for these actions of IL-1 but not for its
effects on ischemic-brain damage (74). These
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observations strongly suggest that IL-1 can
specifically modify ischemic-brain damage
independently of IL-1RI. It is not know if other
receptor(s) are induced specifically in the
absence of IL-1RI or if they participate in brain
damage in normal mice. However, we have
observed that deletion of IL-1oc and B reduces
ischemic-brain damage to a much greater
extent than a maximal dose of IL-1ra. It was
suggested that either IL-1RII may acquire sig-
naling activity in the absence of IL-1RI, proba-
bly by interacting with a second subunit, or
that IL-1P binds to a novel functional receptor.
Previous studies suggest that IL-1RII could be
a functional receptor for IL-1 since an antibody
to IL-1RII significantly reduces the pyrogenic
responses to icv injection of IL-1f (75). IL-1RII-
deficient mice would provide a useful tool to
study the specific role of this receptor in the
modulation of IL-1 actions. However, genera-
tion of these mice has not yet been successful;
even so, this may suggest the extreme impor-
tance of IL-1RII during either the development
or physiological conditions.

The actions of IL-1 in ischemic-brain damage
of IL-1RI-/- mice has prompted us to perform
other studies using IL-1RI-/- mixed glial-cell
cultures in order to identify signaling pathways
that might be activated by IL-1f in the absence
of IL-1RI (76). We found that IL-1B induces sub-
stantial release of IL-6 and PGEy, and activates
NFxB and the MAPKSs p38, JNK, and ERK1/2 in
mixed glial-cell cultures from wildtype mice,
but not in cells prepared from IL-1RI-/- mice.
These results suggest that the actions of IL-1
observed in IL-1RI-/- mice in vivo are medi-
ated by alternative signaling pathway(s) and
further investigations are being conducted to
identify these pathways.

The discovery of new IL-1 ligands and new
IL-1 receptor-related genes points to the pos-
sibility of alternative IL-1 signaling pathways
in the brain. This hypothesis has became more
tenable since some of the new ligands (i.e., IL-
1F5 and IL-1F6) have been reported to be
expressed in the brain (51,52). In addition,
some of the new IL-1 receptors, such as
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T1/ST2 (77), IL-1Rrp2 (59), and IL1RAPL (60)
have also been identified in the CNS. Particu-
lar interest is focused on a possible alternative
IL-1 pathway involving IL-1F5, IL-1F9, and
IL-1Rrp2, since IL-1F9 has been shown to acti-
vate NFkB via binding to IL-1Rrp2, which is
blocked by IL-1F5 (64). IL-1Rrp2 is highly
expressed in the meninges, choroid plexus,
and cerebral cortex where high expression of
IL-1RI is also detected (59), and we have
recently detected expression of IL-1F5 mRNA
in cerebral cortex (unpublished data). These
observations suggest that IL-1F9/IL-1F5 may
trigger specific functions in the brain through
IL-1Rrp2. Our recent published data have
shown that despite constitutive expression of
IL-1Rrp2 mRNA in glial cell cultures, recom-
binant mouse IL1F9 failed to induce any of
the classical IL-1P responses (78). These obser-
vations do not however rule out the possibil-
ity of IL-1F9 to activate alternative pathway(s).
Finally, IL-18R is expressed in the brain (67),
and since IL-1F7 and its splice variant IL-1F7b
bind to this receptor (55,65), these ligands
may play an important role in the CNS. Alter-
natively, binding of IL-1F7b to the IL-18BP
could inhibit IL-18 actions in the brain by
blocking formation of a functional IL-18
receptor complex (66).

Conclusion

These recent observations are intriguing, but
leave many questions unanswered regarding
the actions of IL-1 in the brain and the exis-
tence of an unidentified IL-1 receptor in the
CNS. Future studies will focus on the identifi-
cation of the signaling pathway(s) activated by
IL-1B in the brains of IL-1RI-deficient mice.
The development of specific antibodies and/or
the generation of mice deficient for one of
these new ligands/receptors will provide pow-
erful tools to study their specific roles and
functions in the brain.
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