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Abstract

The evidence of inflammatory processes in the clinical manifestations and neuropathological sequelae of epilepsy have
accumulated in the last decade. Administration of kainic acid, an analogue of the excitatory amino acid glutamate,
induces a characteristic behavioural syndrome and a reproducible pattern of neurodegeneration in several brain areas,
closely resembling human temporal lobe epilepsy. Results from studies using the kainic acid model indicate that manip-
ulation of pro- and anti-inflammatory cytokines can modify the outcome with regard to the behavioural syndrome as
well as the neuropathological consequences. Interleukin-1 is one of the most important cytokines and has several actions
in the brain that are critical for the host defense against injury and infection, and it is involved in the initiation of early
stages of inflammation. It is believed that interleukin-1 plays a pivotal role in the neuroinflammation associated with
certain forms of neurodegeneration, including cerebral ischemia, trauma and excitotoxic brain injury. In this review, we
have summarized the experimental data available with regard to the involvement of the interleukin-1 system in kainic
acid-induced changes in the brain and emphasized the modulatory role of interleukin-1β in this model of epilepsy.
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Introduction

The communication between the nervous and the
immune system influences the development of the
brain and regulates important physiological func-
tions such as learning and memory [1], sleep [2] and
neuroendocrine functions [3]. In addition, the
immune system is involved in numerous neu-
ropathological conditions: brain infections, demyeli-
nation, trauma, neurodegenerative disorders such as
acute or chronic cerebral ischemia, dementing pro-
cesses, epilepsy and mood disorders [4–12].

Epilepsy is a neurodegenerative disorder charac-
terized by the occurrence of seizures and neurode-
generation in certain brain areas. Recent studies
suggested that immunological aspects might be
responsible for certain types of primary or sec-
ondary forms of epilepsy (for review see [13]). The
findings of increased levels of cytokines such as
interleukin-6 (IL-6) [14], interleukin-1β (IL-1β)
[15] and interleukin-1 receptor antagonist (IL-1ra)
[16] in cerebrospinal fluid from patients with
epilepsy and the aggravating effect of IL-1β, one of
the most important pro-inflammatory cytokines, in
experimental models of epilepsy [8, 9], suggest that
the study of inflammatory factors involved in the
pathogenesis of epileptic disorders can bring new
insights into the molecular mechanisms and etiolo-
gy of epilepsy.

The most commonly used animal model of
human temporal lobe epilepsy [17, 18] is the model
of excitotoxicity in rats after systemic or intracere-
bral administration of the excitotoxic kainic acid
(KA), an analogue of glutamic acid [19]. We have
focussed this review on data concerning the inflam-
matory processes involved in KA-induced
behavioural changes and neurodegeneration, cen-
tered on the activation of the IL-1 system.

Kainic acid as model of epilepsy

Glutamate receptors mediate most of the excitatory
neurotransmission in the mammalian central ner-
vous system (CNS), and two distinct classes,
ionotropic and metabotropic receptors have been
identified (for review [20]). The ionotropic recep-
tors are further divided into three subtypes named
after their preferred ligands: kainate, α-amino-3-

hydroxy-5-methyl-4-isoxalolepropionate (AMPA)
and N-methyl-D-aspartate (NMDA)-receptors. The
kainate and AMPA-receptors represent the non-
NMDA group of glutamate receptors.

Administration of KA in rats is known to
induce a sequence of behavioural events, elec-
troencephalographic (EEG) and body temperature
changes, which are followed by neurodegenera-
tion in specific brain regions [17, 21–25]. The KA-
induced behavioural changes develop in several
stages, that start with staring and movement arrest
5-15 min after administration, and are followed by
masticatory movements, head nodding, myoclonic
twitches of the head and “wet dog” shakes that
start 15-30 min after administration with a dura-
tion of about 30 min. The behavioural pattern is
completed in the following 4-5 hours by recurrent
generalised tonic-clonic seizures of varying num-
ber and duration, starting about 1 h after injection
of KA. This stage is associated with rearing, loss
of postural control and increased salivation (for
review see [26]). 

The behavioural changes are closely correlated
with typical changes in EEG [17] and changes in
body temperature, which consist of hypothermia
in the first 30-60 minutes after KA administration
followed by a hyperthermic effect, lasting for 5 to
8 h [23–25]. These events are followed by neu-
rodegeneration particularly in the hippocampus,
entorhinal and piriform cortex, thalamus and
amygdala [19, 27, 28]. A typical pattern of neu-
rodegeneration occurs in the hippocampus where
the CA3 pyramidal cells and interneurons in the
hilus of dentate gyrus [21, 29] are the most vul-
nerable, followed by CA1 pyramidal cells [28,
30]. The pyramidal cells in the CA2 region and the
granule cells of the dentate gyrus are the most
resistant. This reproducible pattern of neurodegen-
eration can be induced by systemic, intrahip-
pocampal, intra-amygdaloid or intracerebroven-
tricular (i.c.v.) administration of KA, if the gener-
alized motor seizures are maintained for a certain
critical period [21, 31, 32]. It has been demon-
strated that KA-induced neurodegeneration occurs
both through necrotic and apoptotic mechanisms
[33–35]. Behavioural changes and neuronal dam-
age produced by systemic administration of KA
are believed to be initiated by activation of KA-
receptors in the CA3 region of the hippocampus
[36], followed by release of the endogenous exci-
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tatory amino acids, glutamate and aspartate [37,
38], that will further activate all types of glutamate
receptors.

Systemic delivery of KA, subcutaneous or
intraperitoneal (i.p.) is followed by higher varia-
tions of the response and sometimes an “all or noth-
ing” response can be seen. Previous studies have
shown that systemic administration of 10 mg/kg
KA in rats results in a complete seizure syndrome in
60-80% of the animals [28]. However, due to its
convenience, the systemic administration of KA is
widely used in epilepsy research and the variable
responses among animals are verified using stan-
dardized seizure scales [39], allowing the identifi-
cation of ‘non-responders’.

Interleukin-1 family 

Cytokines are multifunctional, pleiotropic, low
molecular weight proteins that play important roles
in many physiological and pathological processes
in the brain. They interact with specific receptors
located on the cell membrane or with soluble
receptors and function in an autocrine or paracrine
manner.

The IL-1 family consists of three known ligands
for the IL-1 receptors, type I (IL-1RI) and type II
(IL-1RII), the agonists IL-1alpha (IL-1α) and IL-
1beta (IL-1β), and the IL-1 receptor antagonist (IL-
1ra). The binding of IL-1α and IL-1β to the signal-
ing receptor (IL-1RI) requires the association of the
receptor with an accessory protein (IL-1AcP),
whereas binding to IL-1RII does not induce an
intracellular response and has been called a “decoy”
receptor since it binds the IL-1 agonists and pre-
vents their access to the signaling IL-1RI, thereby
blocking their activity (see Fig. 1). 

The 2 isoforms, IL-1α and IL-1β, are 17 kDa
proteins in their active forms and exert similar
actions. They are secreted as 31 kDa precursors and
need to be cleaved by specific enzymes to their
mature forms. ProIL-1α is active also as a precur-
sor [40] and it is cleaved to the mature form by the
membrane-associated cysteine protease calpain
[41], while IL-1β is inactive in the precursor form
and becomes activated after cleavage by the intra-
cellular interleukin-1β converting enzyme (ICE),
now known to be a cysteine protease, caspase-1,

with apoptotic properties [42] (see below). IL-1α
and IL-1β have similar actions in the periphery, but
it is believed that IL-1β has more powerful effects
in the CNS [43].

IL-1 is induced in the brain upon KA
administration

The IL-1 system has physiological functions in the
CNS, suggested by the constitutive expression of
all the members of the IL-1 family, albeit at very
low levels, in the normal brain (for review see
[44]). The involvement of the IL-1 system in the
CNS during pathophysiological conditions is exten-
sively documented, both with regard to infections
and neurodegenerative disorders. The KA model for
epilepsy has given new information regarding the
inflammatory process and involvement of the IL-1
system in the brain. In this section, the findings on
induction and regulation of IL-1β in the KA system
are summarized.

The peripheral administration of KA in rats was
shown to induce a transient and biphasic expression
for IL-1β mRNA in several brain regions [10, 11,
45–47] (see Fig. 2A). In situ hybridisation histo-
chemistry (ISHH) demonstrated a strong induction
of IL-1β mRNA in the cerebral cortex, thalamus
and hypothalamus at 1.5 h, 2.5 h and 3.5 h, respec-
tively, after KA administration [10], whereas a
lower, but earlier (1 h after KA administration),
expression was observed in the hippocampus [10,
11]. A second peak of high expression for IL-1β
mRNA was observed in the cortex, amygdala, tha-
lamus and, to a lesser extent, in the hippocampus at
12 h after KA administration [11] (Fig 2A) (Fig 3).
No expression was detected in the midbrain, pons-
medulla and cerebellum while a weak expression
was observed in the striatum [10]. At 24 h, IL-1β
mRNA was detected only in the hippocampus and
amygdala [10, 11].

Several studies have shown that KA-induced
synthesis of IL-1 mRNA is indeed followed by
translation into protein. IL-1β protein was detected
by immunohistochemistry at 5 h after i.p. adminis-
tration of KA [47] and the highest expression was
observed at 12 h in the thalamus and amygdala, and
at 24 h in the CA1 pyramidal cell layer in hip-
pocampus, perirhinal and piriform cortex [47] (see
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Fig 2C). Intrahippocampal delivery of KA resulted
in induction of IL-1β in the dentate gyrus after 3 h,
while a more diffuse pattern of IL-1β-positive cells
was observed one day later [9]. Using ELISA, a 16-
fold increase in IL-1β was detected in the ipsilater-
al hippocampus after 24 h [9]. 

IL-1β has been shown in in vitro studies to be pro-
duced both by activated, amoeboid microglial cells
and by activated astrocytes, and is one of the most
powerful inducers of reactive astrogliosis, which con-
sists of proliferation, de-differentiation and altered

gene expression of the astrocytes [48]. In fact, astro-
cytes may be considered to be the effector cells that
mediate many of the effects of IL-1β in the brain. The
importance of IL-1β in the initiation of reactive
astrogliosis was demonstrated in mice deficient in IL-
1β in which the induction of glial fibrillary acidic pro-
tein (GFAP), an astrogliosis marker, did not occur
upon corticotomy [49]. Immunohistochemical studies
also showed that the source of IL-1β after KA admin-
istration is activated microglia, at least in the first
hours after administration [9, 47].
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Fig. 1 Schematic drawing of signal transduction for the interleukin-1 system. The receptor agonists IL-1α and IL-
1β are produced as inactive precursors. ProIL-1α is cleaved by calpain and proIL-1β is cleaved by caspase-1 to gen-
erate the mature bioactive forms. The binding of IL-1α and IL-1β to IL-1 receptor type I (IL-1RI) is followed by the
attachment of IL-1R accessory protein (IL-1RAcP) to the receptor and this initiates the intracellular signal transduc-
tion. IL-1 receptor antagonist (IL-1ra) binds to IL-1RI without initiating an intracellular response and prevents the
access of IL-1α and IL-1β to the receptor. IL-1RII lacks an intracellular domain and binding of either of the agonists
or of IL-1ra fails to initiate an intracellular response.



Several classes of drugs have been shown to
decrease and/or block the KA-induced expression
of IL-1β mRNA in the rat brain. Peripheral admin-
istration of dizocilpine and R-(CPP), a non-com-
petitive and a competitive NMDA-receptor antag-
onist, respectively, blocked in a dose-dependent
manner the expression of IL-1β in the rat brain,
suggesting the involvement of this group of gluta-
mate receptors in the initiation of cytokine synthe-
sis in the brain [50]. Recently, it was confirmed
that microglial cells have functional glutamate
receptors of the AMPA-type [51], suggesting that

the induction of IL-1β by KA is mainly indirect
through release of endogenous glutamate [38].
Furthermore, induction of IL-1β mRNA by i.p.
injection of KA was blocked by diazepam, a γ-
amino butyric acid (GABA)-receptor agonist, as
well as of dexamethasone [10]. However, in rats
given intrahippocampal injection of KA, there was
an increase in both mRNA and protein expression
for the pro-inflammatory cytokines IL-1α, IL-1β
and tumour necrosis factor-alpha (TNF-α), unlike
the general anti-inflammatory roles of glucocorti-
coids in the periphery [52].
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Fig. 2 Expression of IL-1β (A, C) and IL-1α (B, D) in the rat brain at 12 h (Α) and 24 h (B – D), after intraperi-
toneal administration of kainic acid (KA). (A-B) Autoradiographs of sections of rat brain after in situ hybridisation
histochemistry with radioactively labelled anti-sense cRNA probes for IL-1β (A) and IL-1ra (B). IL-1β (A) and IL-
1ra (B) mRNA expression can be seen in the piriform cortex (double arrows, A-B), amygdala (unfilled arrow, A),
thalamus (open arrows, A-B) the CA3 region of dorsal (filled arrow, A) and ventral hippocampus (filled arrow, B)
and the CA1 region of hippocampus (triple arrow, B). The two groups of three arrows (A) indicate the limit of the
cerebral cortex. Solid bars (A-B) indicate 1 mm. (C-D) Immunoperoxidase micrographs of sections of rat brain after
incubation with antibodies to IL-1β (C) and IL-1ra (D), respectively. A couple of IL-1β immunoreactive microglia
can be seen at high magnification (C), and many IL-1ra-positive microglial cells are observed in low magnification,
in the piriform cortex (arrows on some cells in D). Solid bars (C-D) indicate 50 µm.



IL-1ββ has permissive effects on KA-
induced neurodegeneration

Intrahippocampal injection of human recombinant
(hr) IL-1β significantly increased the duration of
electroencephalographic seizures produced by local
application of KA, without modifying the time for
the seizures onset or the number of seizures [9].
This proconvulsant effect was blocked both by IL-
1ra, suggesting a receptor-mediated action of
exogenously administered IL-1β, and by (R)-CPP
demonstrating an excessive activation of NMDA-
receptors [8, 9]. Glutamate uptake by the astrocytes
is a well-known mechanism that maintains low
extracellular levels of glutamate and promotes effi-
cient inter-neuronal signalling in normal brain, and
the same process is considered a neuroprotective
mechanism during neuroinflammation. IL-1β
impairs the astrocytic glutamate uptake both in pri-
mary cultures from rat postnatal hippocampus [53]
and in human cortical astrocytes [54], producing a

dose-dependent inhibition of mRNA expression for
the glutamate transporter protein through a nitric
oxide (NO)-dependent mechanism [53, 54]. This
effect is observed also for TNF-α and is blocked by
the anti-inflammatory cytokines interferon-β (IFN-
β) and IL-1ra [54]. It is possible that the observed
proconvulsant effect of IL-1β is the result of an
increase in glutamate available for the activation of
NMDA- and non-NMDA-receptors due to the inhi-
bition of its uptake by astrocytes.

IL-1β has been shown to induce the activation of
inducible NO synthase (iNOS), leading to the gen-
eration of NO and an increased release of glutamate
and GABA in vivo [55, 56]. GABA, but not gluta-
mate, release was found to be dependent on iNOS
activation, and the iNOS-producing cells were
identified as activated microglia [55] and astrocytes
[56].

Resting astrocytes exert a down-regulatory
action on microglial functions through the release
of transforming growth factor-beta, probably serv-
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Fig. 3 Temporal expression of mRNA (A) for IL-1ß and IL-1ra and of the proteins (B) IL-1β, IL-1ra and caspase-
1, in the piriform cortex after peripheral administration of 10 mg/kg kainic acid in rat. ISEL represents the time
course for in situ end labelled neurons (see ref. [47]).



ing as an important endogenous protective mecha-
nism against excessive peroxynitrite production
[57]. Astrocytes, forced to undergo secondary acti-
vation due to the action of IL-1 released from acti-
vated microglia, lose their ability to inhibit the pro-
duction of reactive oxygen species by microglia
[58]. Coupled with an increased iNOS-production
in activated astrocytes, IL-1 may thus induce a sig-
nificant increase in oxidative stress.

Hypothermia has been shown to mediate neu-
roprotection against KA-induced neurotoxicity
[59, 60], and hyperthermia was shown to exacer-
bate the deleterious effects of KA [59]. IL-1β has
a well-known pyrogenic effect reponsible for an
increase in body temperature, and administration
of IL-1β was shown to exacerbate excitotoxic
brain damage [61]. In rats, KA has a biphasic
effect on core temperature after i.c.v. [23] or i.p.
administration [24], i.e. an early hypothermia in
the first hour after injection, followed by a persis-
tent hyperthermic effect lasting 3 to 6 h. The ini-
tial hypothermia is dependent on dopamine, while
the hyperthermic effect requires an intact sero-
toninergic projection [23]. The NMDA-receptor
antagonist dizocilpine did not inhibit KA-induced
changes in body temperature [25]. Instead, the
hypothermic effect of KA was enhanced, while the
ensuing hyperthermia was not influenced by
dizocilpine. Since dizocilpine was shown to cause
a dose-dependent reduction in the KA-induced
expression of IL-1β mRNA in the rat brain and a
complete block by the highest dose, 5 mg/kg
dizocilpine (i.p.) administered 1 h prior to KA
[50], it seems less likely that IL-1β is involved in
the KA-induced hyperthermia.

IL-1ββ has potential neuroprotective
effects against KA-induced
neurotoxicity

IL-1β can itself be regarded as a growth factor and
evidence have been provided regarding its prenatal
detection in the brain after the appearance of amoe-
boid microglia and its involvement in the differen-
tiation, proliferation and survival of astrocytes and
neurons during development of the mammalian
brain [62, 63]. Some of the potential neuroprotec-
tive roles of IL-1β could be related to an ability to

stimulate the production of certain neurotrophic
factors, such as nerve growth factor (NGF).

The KA-induced expression of NGF mRNA [64]
and protein [65] in the rat brain seems to be mediat-
ed by IL-1β. Thus, IL-1β stimulates the expression
of NGF mRNA in astrocytes both in vitro, in prima-
ry cultures, and in vivo, after i.c.v. administration
[66]. This effect may be due to a positive feedback
mechanism, since i.c.v. injection of IL-1β stimulat-
ed the expression of both IL-1β and NGF mRNA in
the hippocampus [66], and IL-1ra inhibits NGF
expression in a model of traumatic brain injury [67]. 

It has been reported that TNF-α can release
NGF from cultured astrocytes synergistically with
IL-1β [68]. TNF-α is assumed to act synergistical-
ly with IL-1β in inducing NGF mRNA expression,
since the mRNA for both cytokines was induced in
several brain regions with comparable latencies
after KA administration [45]. Pretreatment of pri-
mary cortical neuronal cultures with 0.5 µg/ml
hrIL-1β for 24 h protected them against neuronal
death induced by exposure to KA, glutamate,
NMDA or AMPA, an effect that seemed to be medi-
ated by NGF [69]. Exposure of the neuronal cul-
tures to 100 µg/ml hrIL-1β for 72 h resulted in neu-
rotoxicity that was blocked by co-application of IL-
1ra [69]. These findings demonstrate that IL-1β
may have both neuroprotective and neurotoxic
effects, depending on the dosage, the duration of
exposure and the presence of glial cells.

Another growth factor induced by IL-1β is cil-
iary neurotrophic factor (CNTF), a survival factor
for both neurons and oligondendrocytes. The stim-
ulation of CNTF synthesis was lacking in astrocytes
from mice deficient in IL-1β [70]. 

It has been suggested that IL-1 modulates both
inhibitory and excitatory neurotransmitter function
in the brain in a neuroprotective manner, at least in
view of the experimental results obtained in vitro.
Thus, IL-1β was shown to reduce glutamate release
in the hippocampus [71], enhance the effect of
GABA in cortical synaptosomes and decrease calci-
um responses to NMDA and glycine in cultured
chick cortical neurons [72]. These experiments sug-
gest that IL-1β, at least in cell culture paradigms,
can restrain the effects of an excessive activation of
glutamate receptors.

Alpha-2-macroglobulin (α2M) is an acute-phase
protein produced mainly in the liver during acute
inflammation and contributing to the host defense
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as a protease inhibitor [73]. α2M synthesis was also
demonstrated to occur in cultured rat astrocytes
[74] and to be controlled by IL-6 [75]. It was shown
to promote neurite outgrowth [76]. Interestingly,
α2M mRNA was induced in the rat brain upon
peripheral KA administration with the highest

expression observed after 3 days [77]. The induc-
tion of inflammatory factors upon peripheral
administration of KA occurs in a sequential manner,
starting with IL-1β, that is followed by IL-6 [10].
The finding that IL-6 is induced in cultured rat
astrocytes [78] and in astrocytoma cell line [79] by
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Fig. 4. Possible roles of IL-1β in KA-induced neurotoxicity. KA activates the neuronal receptors inducing a sec-
ondary release of glutamate that can bind to non-NMDA receptors on microglial cells and stimulate their activation
including the induction of synthesis and release of IL-1β. It is possible that KA also activates microglial cells direct-
ly. IL-1β potently stimulates astroglial activation, which is characterised by the potentially neurotoxic effects:
impaired glutamate uptake, reduction in the capacity to counteract the formation of peroxynitrite through a mecha-
nism of negative feedback involving TGF-β, release of IL-1β, and increased synthesis and activity of iNOS, result-
ing in release of NO. Activated astrocytes also have potential neuroprotective effects through the synthesis of neu-
rotrophic factors such as α2-macroglobulin (α2M) through a IL-6 dependent mechanism, and lipocortin-1 (LP-1) (see
text for details). IL-1β itself may be neuroprotective by inhibiting the release of glutamate and stimulating the release
of GABA from neurons.



addition of IL-1β, suggests the involvement of IL-1β
in a sequential activation of IL-6 upon KA adminis-
tration. Furthermore, IL-1β may facilitate the synthe-
sis of α2M through the synthesis of IL-6 and thereby
indirectly have a neuroprotective role, since an
impaired gliosis associated with increased oxidative
stress and accentuated apoptotic neuronal death [49]
was demonstrated in IL-6 KO mice injected with
KA. This suggests that IL-1β acts synergistically
with IL-6 in producing an adequate activation of glial
cells during excitotoxic challenges, and that an
impaired gliosis facilitates neuronal death.

Lipocortin-1 (LP-1) is an anti-inflammatory factor
that diminishes prostaglandin synthesis secondary to
the inhibition of phospholipase A2 (PLA2). LP-1 also
has anti-pyrogenic and neurotrophic effects as well as
inhibiting the synthesis of iNOS and NO [80]. The
expression of LP-1 [81] was shown to be dose- and
time-dependently increased in cultured rat astrocytes
upon exposure to IL-1β. Inhibition of the mitogen-
activated protein kinase (MAPK) pathway and of
PLA2 or protein synthesis significantly decreased this
effect [81].

Interleukin-1 receptor antagonist

IL-1ra is the first described, naturally occurring
receptor antagonist of any cytokine or hormone-like
molecule [82] that binds to the signalling receptor
(IL-1RI) with the same affinity as the agonists (IL-
1α and β) without inducing any intracellular
response, and acting as a selective, competitive
antagonist of agonist (IL-1β)-induced actions [83].

Peripheral administration of KA in rats has been
shown to induce a transient expression of IL-1ra
mRNA in the hippocampus, thalamus and amyg-
dala, the piriform, perirhinal and entorhinal cortex,
and to a lesser extent in the hypothalamus and the
parietal and temporal cortex [84]. The IL-1ra
mRNA expression was closely related to the extent
and distribution of neurodegeneration and the dis-
tribution of IL-1β mRNA. It was first detected 5 h
after KA administration and the strongest signal
was seen after 24 h (Fig 2B). Similarly to IL-1β
mRNA, microglial cells are the major source of the
KA-induced expression of IL-1ra mRNA [84].
Translation of the KA-induced expression of IL-
1ra mRNA into functional protein has been demon-

strated with immunohistochemical methods [47].
The IL-1ra protein expression (Fig. 2D) was
delayed with several hours, but occurred in the
same brain regions as IL-1β [11, 47]. The delay in
IL-1ra synthesis with regard to IL-1β may have a
functional significance. IL-1β has potential benefi-
cial effects (see above) such as the induction of the
NGF mRNA, which has been shown to occur sev-
eral hours later than IL-1β mRNA after KA admin-
istration (Fig 3) [85]. If the action of IL-1β would
have been blocked from the beginning, the poten-
tial neuroprotective effects would not occur. In this
regard, it has been shown that the protective effects
obtained by antagonising IL-1β-mediated activity
were not the result of maximal inhibition [69, 86]

Neuroprotective effects of IL-1ra have been
shown in different models of neurodegeneration. [4,
86–88]. In the case of excitotoxic models, i.c.v.
administration of hrIL-1ra, given 10 min before and
10 min after the administration of KA (i.p.), selec-
tively protected the neurons in the CA1 and CA3
regions of the hippocampus and in the dorsal thala-
mic nuclei, against KA-induced neurodegeneration.
However, it did not have any effects on seizures nor
on physiological parameters such as blood pressure,
blood gases or body and hippocampal temperature
[86]. The neuroprotective effect of the IL-1ra
observed in this study can be explained as an
increased resistance of the neurons to excitotoxic
damage, since the seizure parameters were not
modified. A reduced activation of astrocytes,
assessed by GFAP-staining, was correlated with the
neuroprotection. However, the highest dose of
IL-1ra, 40 µg, did not reduce or modify the KA-
induced neuronal cell death and astrocyte activation
[86], suggesting that the neuroprotective effect of
IL-1ra is not completely depending on blockade of
IL-1 receptor mediated activity.

If we consider that binding of IL-1ra to the
receptor does not transduce an intracellular
response, the lack of an observable effect for the
dose of 40 µg suggests that the neuroprotective
effect of the lowest and most efficient dose (10 µg)
was achieved with an incomplete blockade of IL-1.
Indirectly, one might conclude that a complete
blockade of IL-1 activity is not beneficial. 

A lower dose of hrIL1-ra (0.1 µg) given i.c.v.10
min before and 10 min after intrahippocampal
application of KA significantly decreased both the
number and the duration of seizures [8]. This sug-
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gests that an optimal level of IL-1β activity should
be achieved in order to obtain a maximal neuropro-
tective effect, neither an excess nor a high blocking
of IL-1β activity being of benefit [8, 86]. Other
explanations for the differences encountered in
these experiments with regard to the effect of IL-1ra
on seizure activity could rely on the different exper-
imental design, such as the i.p. [86] or intrahip-
pocampal [8] delivery of KA or the differences in
the susceptibility to seizures of the strain of rats
used. It has been shown that Wistar rats, which
were not protected against seizure activity [86], are
more susceptible then Sprague-Dawley rats, with
regard to the convulsant effect of KA [89].

The expression of IL-1ra in the rat brain after i.p.
administration of 10 mg/kg KA was dose-depen-
dently blocked by competitive and non-competitive
NMDA-receptor antagonists, in a similar manner to
the blockade of IL-1β, suggesting that microglial
synthesis of cytokines is regulated by NMDA-
receptor activation. The occurrence of functional
AMPA-kainate subtypes of glutamate receptors has
recently been demonstrated on cortical rat
microglia [51]. KA-induced responses in rat
microglial cells were predominantly mediated by
AMPA-preferring receptors [51]. These findings
suggest the induction of IL-1ra (as of IL-1β) by KA
is indirect through endogenous release of glutamate
acting on the non-NMDA-receptors. However, it is
not yet clear whether the synthesis of IL-1ra is stim-
ulated directly by glutamate receptor activation or
via the induced synthesis of IL-1β, that in this way
induces the synthesis of its own antagonist as seen
in the peripheral immune response [90].

NMDA-receptor antagonists were able to dose-
dependently block KA-induced seizures and neu-
rodegeneration [47, 91, 92], whereas KA-induced
changes in body temperature seem to be less
dependent on NMDA-receptor activation [25].

IL-1 receptors

The signalling IL-1RI is expressed constitutively on
neuronal cells in several brain regions in the murine
normal brain including CA3 and CA4 pyramidal neu-
rons, while the expression on non-neuronal cells was
restricted to cells in the leptomeninges and in blood
vessels such as perivascular microglia [93–95]. The

production of IL-1RI mRNA and protein was stimu-
lated by IL-1β and TNF-α in cultured astrocytes and
hippocampal neurons and secondary to a brain insult
in vivo [93]. The constitutive expression of IL-1RI on
hippocampal neurons and its enhanced expression on
glial cells suggests that IL-1β has important function-
al roles both in physiological (for review see [96])
and pathological conditions.

It is known that signal transduction for the IL-1
system is extremely efficient. Less than 10% of the
approximate 200 IL-1RI molecules present on the
cell surface have to be activated for inducing a bio-
logical response (for review see [97]). Doses of IL-
1ra that are 102 to 103-fold higher than the concen-
tration of IL-1β are required to block IL-1β activities
[98]. A high density of IL-1RI has been demonstrat-
ed in granule cells of the dentate gyrus [99], i.e. cells
that are known to be resistant to KA. The presence of
IL-1RI on resistant cells would be quite efficient
from a functional point of view, since this facilitates
the persistence of the action of IL-1β in the brain for
a long time following administration of KA. 

KA stimulates the expression of IL-1RII mRNA
in the rat brain, mostly in neurons [100]. The induc-
tion of IL-1RII mRNA can be detected 8 h in the
amygdala and dentate gyrus after KA administration
and after 12 and/or 24 h in the same and in other
brain regions such as the hippocampus, piriform cor-
tex, hypothalamus and thalamus. No positive cells
were identified at 4 h or later then 48 h after KA
administration. It has been suggested that IL-1RII,
that lacks an intracellular domain, has a role as a
“decoy” receptor, i.e. that binds IL-1 and blocks its
activity by preventing it from reaching the signalling
IL-1RI, rather then transducing an intracellular sig-
nal [101]. Since IL-1RII does not transduce an intra-
cellular response, the induction of IL-1RII expres-
sion by KA may have a modulatory effect on IL-1β
activity. The binding of IL-1β to IL-1RII reduces the
availability of the cytokine for IL-1RI, the receptor
that transduces the intracellular responses of IL-1β.

Caspase-1

Caspase-1 is an intracellular cysteine protease that
cleaves the precursor protein proIL-1β at specific
aspartic residues and generates the active form, IL-
1β. Induction of caspase-1 in the rat brain after
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peripheral administration of KA was not as exten-
sive as that of IL-1β or IL-1ra [11, 47]. The highest
expression for caspase-1 mRNA could be seen in
the amygdala at 12 h after administration, while a
modest non-significant increase was observed in
hippocampus at 12 and 24 h [11]. The KA-induced
expression of caspase-1 immunoreactivity was
observed in microglial cells, particularly 24 h after
the administration, when numerous positive cells
were identified in the amygdala, the piriform,
perirhinal and entorhinal cortex [47].

It can be observed that the induction of IL-1β
mRNA occurred before the caspase-1 mRNA
induction. It was suggested that the basal level of
caspase-1 activity might be sufficient for the cleav-
age of IL-1β or that other enzymes may be respon-
sible for the cleavage of proIL-1β during the first 24
h after KA administration [11].

Concluding remarks

All of the members of the IL-1 family are involved
in different ways in the KA-induced changes in the
brain. The effects of IL-1β can be regarded as mod-
ulatory since both neurotoxic and neuroprotective
actions have been described for this cytokine,
depending on the dosage and the experimental con-
ditions. In the majority of cases, the neurotoxicity of
IL-1β was demonstrated in in vivo experiments, in
circumstances where an increased excitotoxicity
was induced by the co-administration of IL-1β. A
neuroprotective effect, especially against glutamate
excitoxicity, was observed in vitro [72]. IL-1ra has
been shown to have a neuroprotective role in vivo,
where blocking IL-1R-mediated activity in a dose-
dependent manner blocked the neurotoxic effects of
IL-1β. In vitro, blocking IL-1R-mediated actions by
IL-1ra had neuroprotective effects. The occurrence
of 2 types of receptors for IL-1β with different func-
tional properties, that are up-regulated by the
cytokine itself in the context of KA-induced excito-
toxicity, contribute to the complexity of the patho-
physiological mechanisms involved in this model of
neurodegeneration. This emphasizes the difficulty to
interprete, in an integrative way, the complex effects
of IL-1β in the brain, which would be necessary in
order to manipulate its activity for obtaining a defi-
nite neuroprotective effect.
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