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The cytokine interleukin-1 (IL-1) has been strongly implicated in
the pathogenesis of ischemic brain damage. Evidence to date
suggests that the major form of IL-1 contributing to ischemic
injury is IL-1b rather than IL-1a, but this has not been tested
directly.

The objective of the present study was to compare the effects
of transient cerebral ischemia [30 min middle cerebral artery
occlusion (MCAO)] on neuronal injury in wild-type (WT) mice
and in IL-1a, IL-1b, or both IL-1a and IL-1b knock-out (KO)
mice.

Mice lacking both forms of IL-1 exhibited dramatically re-
duced ischemic infarct volumes compared with wild type (total
volume, 70%; cortex, 87% reduction). Ischemic damage com-
pared with WT mice was not significantly altered in mice lacking
either IL-1a or IL-1b alone. IL-1b mRNA, but not IL-1a or the

IL-1 type 1 receptor, was strongly induced by MCAO in WT and
IL-1a KO mice.

Administration (intracerebroventricularly) of recombinant IL-1
receptor antagonist significantly reduced infarct volume in WT
(-32%) and IL-1a KO (-48%) mice, but had no effect on injury in
IL-1b or IL-1a/b KO mice.

These data confirm that IL-1 plays a major role in ischemic
brain injury. They also show that chronic deletion of IL-1a or
IL-1b fails to influence brain damage, probably because of
compensatory changes in the IL-1 system in IL-1a KO mice and
changes in IL-1-independent mediators of neuronal death in
IL-1b KO mice.

Key words: interleukin-1; cytokines; stroke; brain; knock-out;
mouse

Interleukin-1 (IL-1) is a proinflammatory cytokine that has been
identified as an important mediator of neurodegeneration in-
duced by experimental cerebral ischemia (stroke) or excitatory or
traumatic brain injury in rodents (Touzani et al., 1999; Rothwell
and Luheshi, 2000). Both IL-1 ligands (IL-1a and IL-1b) are
produced rapidly in the brains of rodents exposed to cerebral
ischemia (Wang et al., 1994; Hillhouse et al., 1998; Zhang et al.,
1998), and recombinant IL-1b administered intracerebroven-
tricularly, or directly into the brain, enhances ischemic and other
forms of injury (Yamasaki et al., 1995; Loddick and Rothwell,
1996; Lawrence et al., 1998; Stroemer and Rothwell, 1998; Allan
et al., 2000). Conversely, blocking IL-1 actions, by administration
of the naturally occurring and selective IL-1 receptor antagonist
(IL-1ra), markedly reduces neuronal loss and inflammation in-
duced by a variety of experimental brain insults (Relton and
Rothwell, 1992; Lin et al., 1995; Betz et al., 1995; Garcia et al.,
1995; Yamasaki et al., 1995; Loddick and Rothwell, 1996; Stro-
emer and Rothwell, 1998; Yang et al., 1998).

Despite the extensive evidence implicating IL-1 in ischemic
brain damage, little information is available on the relative con-
tribution of IL-1a and IL-1b (Hill et al., 1999; Yu and Lau, 2000).
Both cytokines are induced in response to cerebral ischemia
(Touzani et al., 1999) or excitotoxicity, and central administration
of IL-1b exacerbates damage (Allan et al., 1998, 2000; Lawrence

et al., 1998). Yamasaki et al. (1995) reported that intracerebro-
ventricular injection of neutralizing anti-IL-1b antibody to rats
reduces ischemic brain damage, implicating IL-1b as the major
mediator of injury. Comparatively, only little information is avail-
able in the literature concerning the role of IL-1a in ischemic
brain injury (Hill et al., 1999; Touzani et al., 1999).

Furthermore, mice lacking the gene for caspase-1 or expressing
a dominant negative form of caspase-1 (the enzyme that is re-
quired to cleave inactive pro-IL-1b to the mature active form),
also exhibit reduced ischemic brain damage (Friedlander et al.,
1997; Hara et al., 1997; Schielke et al., 1998; Liu et al., 1999).
Again this suggests a primary role for IL-1b. However, caspase-1
also cleaves another cytokine pro IL-18 (Akita et al., 1997), and
mice lacking the enzyme show reduced release of IL-1a as well as
IL-1b (Li et al., 1997).

Horai et al. (1998) have reported that febrile responses to
turpentine (which are modulated by IL-1 actions in the CNS) are
diminished in mice lacking IL-1b, but not in those in which the
IL-1a gene is deleted, and that IL-1a is markedly reduced in
the brains of mice lacking IL-1b. This again suggests that IL-1b
is the primary IL-1 ligand in the brain.

Thus, the objective of the present study was to identify the roles
of IL-1a and IL-1b in ischemic brain damage by studying mice
lacking either or both of these genes. A secondary aim was to
determine whether deletion of one of these IL-1 ligands genes
leads to a compensatory increase in the other and to test the effects
of IL-1ra on ischemic brain damage in mice lacking IL-1a or b.

MATERIALS AND METHODS
Mice. All mice used were adult males. Mice, in which genes for IL-1a
and/or IL-1b (IL-1a KO, IL-1b KO, and IL-1ab KO) were deleted by
homologous recombination [knock-out (KO) mice], as described previ-
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ously (Horai et al., 1998) were raised on C57BL/6 background and bred
in the local animal facilities. All KO mice were born healthy and no
major differences in growth or weight were found (Horai et al., 1998 and
present study). C57BL/6 wild-type (WT) mice were supplied by Charles
River (Kent, UK). No overt differences were observed between IL-1 KO
and WT mice. The animals were housed in a controlled environment
with a 12 hr light /dark cycle (8:00 A.M./8:00 P.M.) at 22°C. Validation of
IL-1 KO mice has been performed by RT-PCR (see Materials and
Methods). All experiments were performed in accordance with United
Kingdom legislation under the 1986 Animals (Scientific Procedures) Act.

Surg ical procedures. The animals were studied at 3–6 months of age
and weighed between 22 and 31 gm at the time of use. Anesthesia was
induced by inhalation of 4% halothane in a NO2/O2 (70/30%) mixture
and maintained by inhalation of 1.5;2% halothane in a NO2/O2 (70/
30%) mixture. Body temperature was monitored throughout surgery (via
rectal probe), and animals were maintained normothermic (37.4 6 0.4°C)
by a heating blanket (Homeothermic Blanket Control Unit; Harvard
Apparatus Limited).

For intracerebroventricular injection, guide cannulas were implanted
stereotaxically (bregma 20.22 mm, lateral 11 mm, depth 22.5 mm)
(Franklin and Paxinos, 1997) into the right lateral cerebral ventricle of
the brain under halothane anesthesia (1.5% in NO2/O2, 70/30%), 5–7 d
before middle cerebral artery occlusion (MCAO), to permit administra-
tion of substances intracerebroventricularly.

Temporary middle cerebral artery occlusion. Laser doppler flowmetry
(Moor Instruments) was used to monitor cerebral blood flow (CBF)
during the surgical procedure before and after MCAO for 7 min, and
then the probe was disconnected to let the animals recover from the
anesthesia. A small incision was made in the skin overlying the tempo-
ralis muscle, then a 0.7 mm, flexible, laser Doppler probe (model P10)
was positioned on the superior portion of the temporal bone (6 mm
lateral and 2 mm posterior from the bregma) and secured with glue. This
position corresponded to the center of the ischemic territory.

Focal cerebral ischemia was induced by occlusion of the right middle
cerebral artery (MCA) using the intraluminal filament technique (Clark
et al., 1997) with the following modifications. After a midline, neck
incision, the common carotid artery (CCA) and external carotid artery
were isolated and ligated with 6.0 silk suture. A 6.0 silk suture was placed
around the internal carotid artery to avoid bleeding through the arteri-
otomy when introducing the filament into the CCA. A nylon monofila-
ment (Drennan; diameter, 83 mm) coated with “thermomelting” glue
(1.5;2 mm long, diameter 180 mm) was introduced through an incision
in the CCA and advanced gently up to the origin of the MCA. Cerebral
blood flow was monitored for the following 7 min. Thereafter, to limit the
effect of the anesthesia on infarct size, animals were allowed to recover
from anesthesia. Thirty minutes after induction of MCAO, mice were
reanesthetized, and the occluding filament was withdrawn gently back
into common carotid to allow reperfusion. In sham-operated mice, the
same surgical procedure was performed, except that the filament was not
advanced to occlude the MCA.

Intracardiac perfusion. Intracardiac perfusion was performed for cere-
brovasculature assessment and PCR studies. Mice were anesthetized
with pentobarbital (Pentobarbitone sodium; 250 mg/kg, i.p.). An incision
was performed along the thorax to expose the heart, and the left cardiac
ventricle was cannulated.

For cerebrovasculature assessment, animals were perfused with 4%

PFA for 5 min (2 ml/min), followed by ink (Quink Parker) diluted in 4%
PFA (1:5 v/v) (n 5 8 per strain). Brains were removed carefully, left in
4% PFA overnight, and the Circle of Willis and major arteries were
carefully examined under microscope (Meiji, Encinitas, CA and SV
Micro digital camera, SoundVision).

For PCR studies, 24 hr after induction of MCAO, mice were perfused
with a solution of diethylpyrocarbonate (DEPC 0.1%/NaCl 0.9%) for 5
min (2 ml/min) to limit RNA degradation in brain samples to be used for
PCR measurement.

Administration of substances. Vehicle (NaCl 0.9%/BSA 0.1%) or IL-
1ra (5 gm/l in NaCl 0.9%/BSA 0.1%) were administered randomly into
the cerebral ventricles 30 min before occlusion and 10 min after reper-
fusion (i.e., 40 min after induction of MCAO). For each injection, a
volume of 0.5 ml was infused over 5 min. Human recombinant IL-1ra was
a generous gift from Dr. Steve Poole (National Institute for Biological
Standards and Control, Herts, UK)

Measurement of infarct volume. Twenty-four hours after MCAO, mice
were killed by anesthetic overdose with halothane and decapitated.
Brains were removed and frozen in cooled (240°C) isopentane. Coronal
brain sections were cut serially (20 mm at 300 mm intervals) on frozen
brains by cryostat and stained with cresyl fast violet to identify viable
tissue. Infarcted areas were assessed blindly and delineated by the rela-
tive paleness of histological staining in the ischemic tissue. Infarct
volumes were calculated by the integration of infarcted areas on each
brain slice, as quantified with a computer-assisted image analyzer (Sig-
maScan 5.0; SPPS, Chicago, IL). To correct for the effect of edema, the
total infarcted area was also determined indirectly by subtracting the area
of the healthy tissue in the ipsilateral hemisphere from the area of the
contralateral hemisphere on each section, edema was then estimated by
the difference between volumes corrected and not corrected for edema
(Osborne et al., 1987; Lin et al., 1993).

Semiquantitative PCR. After DEPC–saline perfusion (as described
above), ipsilateral and contralateral cortices were dissected on ice under
a surgical microscope (Stemi SV11; Leica-Zeiss), and frozen on dry ice.
RNA Trizol (Life Technologies, Gaithersburg, MD) extraction and
RT-PCR were then performed on the tissue samples. To quantify ex-
pression of IL-1a, IL-1b, and IL-1RI genes, their PCR products were
compared with constitutively expressed genes: b-actin for IL-1a and
IL-1b and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for
IL-1RI (sequences of the primers are described in Table 1).

The PCR program was 5 min at 95°C, then cycles of denaturation at
95°C for 30 sec, annealing at 55°C (IL-1a, IL-1b, b-actin, and GAPDH)
or 58°C (IL-1RI) for 45 sec, and extension at 72°C for 40 sec repeated for
35 cycles, with a 5 min final extension period at 72°C. Thereafter, PCR
products were loaded on 2% agarose gel and quantified using computer-
assisted image analyzer (SigmaScan 5.0; SPPS) and expressed as a ratio
of the control gene. The absence of PCR products in control samples
without reverse transcription of RNA and size of PCR products as
described by Gabellec et al. (1997a) were confirmed (Table 1).

Statistical analyses. All data are presented as mean 6 SEM. To deter-
mine differences between groups, a one-way ANOVA (Statview 5.0; SAS
Institute, Cary, NC) was performed for infarct volumes and CBF data
with one factor: strain (WT, IL-1a KO, IL-1b KO, or IL-1ab KO), or a
multiparametric ANOVA with two factors: strain and treatment (saline
or IL-1ra), when treatment was applied. Because such analysis for infarct
volume revealed a significant ( p , 0.05) principal effect for the two

Table 1. Primer sequences used for PCR

Gene Primer Sequence (59 to 39) Product size (bp)

b-Actin Forward CAGATCATGTTTGAGACCTTC
493Reverse ACTTCATGATGGAATTGAATG

GAPDH Forward TGAATGACATCAAGAAGGTGGTGGAG
239Reverse TCCTTGGAGGCCATGTAGGCCAT

IL-1a Forward CAAACTGATGAAGCTCGTCA
225Reverse TCTCCTTGAGCGCTCACGAA

IL-1b Forward CTGTGTCTTTCCCGTGGACC
200Reverse CAGCTCATATGGGTCCGACA

IL-1RI Forward ACCCCCATATCAGCGGACCG
429Reverse TTGCTTCCCCCGGAACGTAT

Primers for IL-1a, IL-1b, and IL-1RI are from Gabellec et al (1997).

Boutin et al. • IL-1a and b in Ischemic Brain Damage J. Neurosci., August 1, 2001, 21(15):5528–5534 5529



factors studied and interactions between them, a subsequent one-way
ANOVA was therefore performed, followed by Scheffé post hoc test when
required. Incidence of subcortical damage was assessed through the use
of x 2 test.

PCR results were analyzed by the mean of a Kruskal–Wallis nonpara-
metric test followed, when significant differences between groups were
highlighted, by a Mann–Whitney U test to determine differences between
control versus MCAO and sham versus MCAO. For all statistical anal-
yses, the significance level accepted was p , 0.05.

RESULTS
Cerebral blood flow measurement and
cerebrovascular anatomy
Examination of circle of Willis and gross cerebrovascular anat-
omy did not reveal any differences among any of the strains
studied (data not shown).

Doppler monitoring showed that reductions in CBF caused by
insertion of the thread were similar in all strains (percentage fall
in CBF from preischemic value: WT, 79 6 0.1; IL-1a KO, 76 6
0.1; IL-1b KO, 77 6 0.1; and IL-1ab KO, 80 6 0.1%). Similar
results were observed in animals injected with saline or IL-1ra
(decrease in CBF expressed as a percentage of preischemic value:
WT/saline, 86 6 0.1; WT/IL-1ra, 80 6 0.1; IL-1a KO/saline,
82 6 0.1; IL-1a KO/IL-1ra, 83 6 0.1; IL-1b KO/saline, 85 6
0.1;IL-1b/ IL-1ra: 85 6 0.1%).

Effect of IL-1a and/or IL-1b gene deletion on
cerebral ischemia
No significant differences in total infarct volumes and edema
(Figs. 1, 2A,C) were found between WT mice and mice in which
IL-1a or IL-1b genes had been deleted. Cortical infarct volumes
were also similar in the WT, IL-1a KO, and IL-1b KO mice (Fig.
2B). Conversely, in mice lacking genes for both IL-1a and IL-1b
(IL-1ab KO), total infarct volume was significantly smaller than

WT (270%) or either IL-1a KO (264%) or IL-1b KO mice
(271%; p , 0.01) (Figs. 1, 2A). Cortical infarct volumes were also
markedly reduced in the IL-1ab KO mice (287% vs WT and
IL-1b KO mice and 281% vs IL-1a KO mice) (Fig. 2B). Simi-
larly, edema was significantly smaller in IL-1ab KO mice com-
pared with WT (271%, p , 0.05), but the latter did not reach
statistical significance when compared with IL-1a KO and IL-1b

KO despite a similar reduction of edema (266% IL-1ab KO vs
IL-1a KO and IL-1b KO). No significant change in striatal infarct
volume was observed between any of the strains studied (Fig. 2B).
Similar results were observed in total and cortical infarct after
correction for edema.

IL-1a and IL-1b mRNA expression in WT, IL-1a KO,
and IL-1b KO mice
In cortices ipsilateral to MCAO, IL-1a mRNA was expressed
constitutively in WT, but not in IL-1b KO mice (Fig. 3A).
Cerebral ischemia did not induce significant changes in IL-1a

expression in WT animals. The level of IL-1a mRNA in IL-1b

KO mice was increased in sham-operated groups and MCAO
groups when compared with control group, but the overall
changes were not statistically significant ( p 5 0.06; Kruskal–
Wallis test), and no difference was observed between sham-
operated and MCAO groups (Fig. 3A).

Conversely, RT-PCR for IL-1b mRNA showed that IL-1b was
not expressed constitutively in WT or IL-1a KO mice, but was
induced strongly by cerebral ischemia in both WT (1323% in
MCAO group vs sham group) and IL-1a KO mice (Fig. 3B).
IL-1RI mRNA expression was not altered by cerebral ischemia
(Fig. 3C). Similar results were found in the striatum and other
subcortical brain areas (data not shown).

Figure 1. Representative coronal brain sections (20 mm) of WT, IL-1a KO, IL-1b KO, and IL-1ab KO mice 24 hr after 30 min of middle cerebral artery
occlusion.

Figure 2. Effect of 30 min middle cerebral artery occlusion on infarct volume (A, total; B, cortex and striatum) and edema (C) in WT, IL-1a KO, IL-1b
KO, and IL-1ab KO mice (n 5 9 per group). Volumes are expressed in cubic millimeters (mean 6 SEM). *Significantly different to WT, and
#significantly different to WT, IL-1a KO, and IL-1b KO mice, respectively ( p , 0.05, ANOVA followed by Scheffe post hoc test).
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Effect of intracerebroventricular injection of IL-1ra in
WT, IL-1a KO, and IL-1b KO mice
To assess the influence of endogenous IL-1 on ischemic brain
damage in IL-1a KO and IL-1b KO mice, the effect of injection
of IL-1ra on brain damage was compared with vehicle treatment
in separate groups of animals exposed to MCAO.

Only minor differences in infarct volume were observed be-
tween WT and IL-1a KO and IL-1b KO mice receiving saline.
Cortical infarct size, but not total infarct volume, was slightly
reduced in IL-1a KO (Fig. 4B) when compared with WT. In
IL-1b KO mice receiving saline, only cortical infarct volume not
corrected for edema was significantly reduced (227%; data not
shown) compared with the WT. When treated with saline, edema
was reduced in IL-1a and IL-1b KO mice compared with WT but
reached statistical significance only in IL-1b KO mice (Fig. 4C).

Intracerebroventricular injection of IL-1ra reduced signifi-
cantly total and cortical infarct size in WT (232 and 237%) and
IL-1a KO (248 and 256%), but not in IL-1b KO mice (Fig. 4).
Similar results were observed for infarct volumes without correc-
tion for edema (data not shown). Moreover, cortical infarct vol-
ume was reduced significantly in IL-1a KO mice receiving IL-1ra
when compared with IL-1b KO (Fig. 4). IL-1ra did not signifi-
cantly affect the size of the lesion in the striatum (data not
shown). No differences were observed in subcortical infarct size
between strains or treatment, although IL-1ra reduced the inci-
dence of subcortical damage in WT mice (mice with subcortical
damage/total number of mice: WT/IL-1ra, 4/10 vs WT/saline,
12/13; p , 0.01; x2 test). IL-1ra had no effect in IL-1b KO (Fig.
4) or IL-1ab KO mice [total infarct: IL-1ab KO/saline, 12.1 6 1.9
mm3 (n 5 4) vs IL-1ab KO/IL-1ra 22.4 6 4.7 mm3 (n 5 5)
mean 6 SEM].

DISCUSSION
Occlusion of the MCAO induced reproducible brain damage in
wild-type mice, resulting in neuronal loss in the cortex and
striatum that was accompanied by edema (Figs. 1, 2). Subcortical
(hippocampus and/or thalamus) brain areas were also infarcted in
;50% of mice, but no statistical differences in subcortical infarct
size were observed between strains.

In the present study, we observed no differences in the cere-
brovascular architecture (defined from injection of carbon black)
or the severity of the ischemic insult (assessed from cerebral
blood flow) between IL-1 knock out (IL-1a, IL-1b, or IL-1ab
KO) and wild-type mice. Consequently, we demonstrated that
simultaneous deletion of both IL-1a and IL-1b (IL-1ab KO)
genes caused a marked reduction (approximately 285% for cor-
tical areas and approximately 270% for total infarct volume) in
ischemic brain damage (Figs. 1, 2). Similarly, brain edema was
significantly reduced in IL-1ab KO mice (270%) when com-
pared with WT mice. These observations support a major role for
endogenous IL-1 in ischemic brain damage. It seems unlikely that
this dramatic effect might be related to changes in body temper-
ature or CBF because such parameters were not significantly
different between strains.

Relatively few publications have reported changes in expres-
sion of the IL-1 family, such as IL-1a and IL-1RI, after stroke
(Hill et al., 1999; Yu and Lau, 2000), yet it has been assumed that
IL-1b is the primary form of IL-1 involved in ischemic brain
damage (Buttini et al., 1994; Davies et al., 1999; Touzani et al.,
1999), and in other local and systemic responses to peripheral
injury (Luheshi et al., 1997; Eriksson et al., 1999). Indeed Horai

Figure 3. Representative PCR gels, with corresponding image analysis
quantification for IL-1a (A), IL-1b (B), and IL-1RI (C) in ipsilateral
cortices in WT (control, n 5 4; sham, n 5 3; MCAO, n 5 4), IL-1a KO
(control, n 5 3; sham, n 5 3; MCAO, n 5 4), and IL-1b KO mice (control,
n 5 3; sham, n 5 4; MCAO, n 5 5). Data are expressed as the ratio of the
gene of interest to the relevant control gene (b-actin for IL-1a and IL-1b
and GAPDH for IL-1RI; mean 6 SEM). Significantly different from
control (*) and sham-operated (#) groups ( p , 0.05; Mann–Whitney
U test).
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et al. (1998) studying the same mice as those used in the present
study, report that IL-1b KO mice, but not those lacking IL-1a,
exhibit reduced responses to the effects of systemic injection of
turpentine on fever. Similarly, Kozak et al. (1995) have reported
a reduced febrile response to lipopolysaccharide in IL-1b KO
mice. Conversely Alheim et al. (1997) have shown a potential
hyper-responsive fever in IL-1b-deficient mice, suggesting that in
fever induction as well as in cerebral ischemia, IL-1b could have
an important, but not obligatory role in the brain as a proinflam-
matory cytokine.

IL-1b appears to regulate IL-1a expression because the latter
is reduced in mice lacking IL-1b or caspase-1 (Dinarello, 1997;
Horai et al., 1998). This has been confirmed in the present study
by RT-PCR in IL-1b KO mice. Similarly, we also observed
markedly reduced expression of IL-1a in microglia from mice in
which IL-1b gene is deleted (D. Brough, R. Le Feuvre, and N.
Rothwell, unpublished data), which is consistent with reports that
IL-1b regulates IL-1a expression. On the basis of these observa-
tions we predicted that deletion of IL-1b (but perhaps not IL-1a)
would limit ischemic brain damage. However, we found in the
present study that infarct volume and edema were almost identical
in mice lacking IL-1a or IL-1b when compared with WT mice.

Thus, the effects of chronic inhibition of IL-1b through gene
deletion appear to differ from acute inhibition of IL-1b by im-
munoneutralization (Yamasaki et al., 1995). It seems most likely
that chronic deletion of IL-1a or IL-1b failed to influence brain
damage because of a compensatory increase in the other form of
IL-1. To test this hypothesis, we first studied the expression of
IL-1a, IL-1b, and IL-1RI mRNA after MCAO by semiquantita-
tive RT-PCR. As described previously (Touzani et al., 1999;
Legos et al., 2000), IL-1b mRNA was strongly induced by cere-
bral ischemia in WT (fourfold increase; MCAO vs sham groups)
and in IL-1a KO mice (Fig. 3B). IL-1a was induced in sham-
operated and MCAO groups when compared with the control
group, however because there was no difference between sham-
operated and ischemic group, it seems that the induction of IL-1a
observed here was more likely related to the surgery. Conversely,
no significant changes in IL-1RI expression were observed in any
strain studied. Previous studies have reported increased expres-
sion of IL-1a mRNA after focal ischemia in mice (Hill et al.,
1999) and IL-1RI after global ischemia or focal ischemia in rats
(Sairanen et al., 1997; Wang et al., 1997). The apparent discrep-
ancy between the results we describe here and these reports could
be attributable to differences between the models of cerebral

ischemia (global vs focal), techniques used (in situ hybridization),
and/or the time point investigated. However, the latter seems
unlikely for IL-1RI because the previous reports have shown that
the induction of IL-1RI was prolonged for up to 24 hr after
ischemia (Sairanen et al., 1997).

It is possible that deletion of one form of IL-1 results in
compensatory changes in some other aspects of the IL-1 system
or in postreceptor signaling such that ischemic brain damage is
not affected. We attempted to test this possibility by studying the
effects of IL-1ra in mice lacking IL-1a, IL-1b, or both IL-1a and
b. We predicted that if the IL-1 system was upregulated in IL-1a
KO or IL-1b KO mice, IL-1ra treatment should reduce damage
in these mice. As reported previously in slightly different models
of cerebral ischemia in rats and mice (Garcia et al., 1995; Loddick
and Rothwell, 1996; Stroemer and Rothwell, 1997; Touzani et al.,
1999), injection of recombinant IL-1ra (intracerebroventricu-
larly) in wild-type mice reduced ischemic infarct volume by
;35% (Fig. 4). Reduction of infarct size by IL-1ra was not
associated with changes in physiological parameters such as body
temperature in the present or earlier studies (Betz et al., 1995;
Loddick and Rothwell, 1996) or CBF (see Touzani et al., 1999).
This finding supports the involvement of IL-1 in ischemic brain
damage. The reduction in ischemic brain damage in these IL-
1a/b KO mice (approximately 270 to 280%) was greater than
the effect of IL-1ra reported in this and in earlier studies (ap-
proximately 230 to 260%; for review, see Touzani et al., 1999).
Because we have used the optimal dose of IL-1ra (Stroemer and
Rothwell, 1997; Touzani et al., 1999), the difference in ischemic
damage between IL-1ra-treated animals and deletion of IL-1a
and IL-1b may reflect poor brain penetration of IL-1ra or insta-
bility of the protein in the brain. However, it could also suggest
that IL-1ra does not fully block effects of endogenous IL-1 on
type I IL-1 receptor or another unidentified IL-1 signaling re-
ceptor or receptors. Intracerebroventricular injection of IL-1ra
significantly reduced total (248%) and cortical (254%; IL-1ra vs
saline) infarct sizes in IL-1a KO mice, but had no effect in IL-1b
KO mice (Fig. 4). In contrast to untreated mice in which no
difference between strains was observed, a slight decrease in
cortical infarct size was observed in IL-1a and IL-1b KO mice
receiving saline compared with WT saline-treated animals, prob-
ably because of reduction in edema, which can be modified by
intracerebroventricular cannulation and/or injection, when com-
pared with untreated mice. Total infarct volumes in mice receiv-
ing saline were not significantly different.

Figure 4. Comparison of total (A) and cortical infarct (B) volumes, corrected for edema (expressed in cubic millimeters; mean 6 SEM) and edema (C)
between saline and IL-1ra treatments, in WT, IL-1a KO, and IL-1b KO mice (WT/saline, n 5 13; WT/IL1-ra, n 5 10; IL-1a KO/saline, n 5 10; IL-1a
KO/IL-1ra, n 5 10; IL-1b KO/saline, n 5 12; IL-1b KO/IL-1ra, n 5 11). *Indicates significant difference from saline-treated group. #Indicates a
significant difference from WT receiving identical treatment ( p , 0.05, ANOVA followed by Scheffe post hoc test).
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These data suggest that in IL-1a KO mice, there was some
compensatory upregulation in IL-1 system, possibly at the level of
translation, cleavage, or release of IL-1b, expression of IL-1ra, or
downstream of IL-1R1, which was inhibited by IL-1ra treatment.
In contrast, IL-1ra was ineffective in IL-1b KO mice, indicating
that the IL-1 system might not contribute to the ischemic injury
in these mice, but that there may have been compensatory
changes in other mediators of injury, such as other cytokines,
glutamate, or free radicals. This potential compensation for gene
deletion is important in considering all data from knock-out
animals. In parallel, the tendency of IL-1a KO mice to have a
smaller infarct than the WT or IL-1b KO mice could suggest that
any actions of endogenous IL-1a in the IL-1b KO mice were not
fully antagonized by administration of IL-1ra. It could also sug-
gest that IL-1a is acting on another subtype of IL-1 receptor than
the type I. These data suggest that chronic deletion of IL-1b (and
probably IL-1a) has different effects on ischemic brain damage to
acute inhibition of IL-1 and that IL-1b KO mice differ from those
lacking the caspase-1 gene.

Summary
Overall, the data suggest that IL-1 is a major contributor to
ischemic brain damage because deletion of both IL-1a and IL-1b
leads to a massive reduction in injury. Deletion of IL-1a appar-
ently results in some compensatory changes in the IL-1 system
such that overall damage is unaffected. Chronic deletion of IL-1b
(unlike acute intervention) does not result in reduced ischemic
brain damage presumably because of upregulation of other me-
diators of injury.
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