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Interleukin-1 (IL-1) is induced immediately after insults to the
brain, and elevated levels of IL-1 have been strongly implicated
in the neurodegeneration that accompanies stroke, Alzheimer’s
disease, and multiple sclerosis. In animal models, antagonizing
IL-1 has been shown to reduce cell death; however, the basis
for this protection has not been elucidated. Here we analyzed
the response to penetrating brain injury in mice lacking the type
1 IL-1 receptor (IL-1R1) to determine which cellular and molec-
ular mediators of tissue damage require IL-1 signaling. At the
cellular level, fewer amoeboid microglia/macrophages ap-
peared adjacent to the injured brain tissue in IL-1R1 null mice,
and those microglia present at early postinjury intervals re-
tained their resting morphology. Astrogliosis also was mildly
abrogated. At the molecular level, cyclooxygenase-2 (Cox-2)
and IL-6 expression were depressed and delayed. Interestingly,
basal levels of Cox-2, IL-1, and IL-6 were significantly lower in

the IL-1R1 null mice. In addition, stimulation of vascular cell
adhesion molecule-1 mRNA was depressed in the IL-1R1 null
mice, and correspondingly, there was reduced diapedesis of
peripheral macrophages in the IL-1R1 null brain after injury. This
observation correlated with a reduced number of Cox-2�

amoeboid phagocytes adjacent to the injury. In contrast, sev-
eral molecular aspects of the injury response were normal,
including expression of tumor necrosis factor-� and the pro-
duction of nerve growth factor. Because antagonizing IL-1 pro-
tects neural cells in experimental models of stroke and multiple
sclerosis, our data suggest that cell preservation is achieved by
abrogating microglial/macrophage activation and the subse-
quent self-propagating cycle of inflammation.
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Constitutive expression of interleukin-1 (IL-1) is very low in the
brain; however, levels of IL-1 increase dramatically after injury,
and IL-1 elevation is associated with many neurodegenerative
diseases (Rothwell and Luheshi, 2000). For instance, IL-1� is
rapidly induced in experimental models of stroke (Minami et al.,
1992; Legos et al., 2000), and mice that have decreased IL-1
production are significantly protected from ischemic injury
(Friedlander et al., 1997; Hara et al., 1997; Schielke et al., 1998;
Boutin et al., 2001). Similarly, administering IL-1 receptor (IL-
1R) antagonist or IL-1� blocking antibodies reduces neuronal
death subsequent to ischemia (Relton and Rothwell, 1992; Ya-
masaki et al., 1995; Loddick and Rothwell, 1996). There is also
increased IL-1� production surrounding amyloid plaques in
brains of patients with Alzheimer’s disease and Down syndrome
(Griffin et al., 1989), and IL-1 has been implicated in the exces-
sive production and processing of �-amyloid precursor protein as
well as the synthesis of most of the known plaque-associated
proteins (Akiyama et al., 2000). IL-1 also has been shown to be
elevated in the spinal fluid and within demyelinated lesions of
patients with multiple sclerosis (MS) (Hofman et al., 1986;
Deckert-Schluter et al., 1992; McGuinness et al., 1997).

IL-1 can elicit both adaptive and maladaptive responses from
macroglia and microglia. IL-1 induces the production of various
growth and trophic factors, including fibroblast growth factor-2
(FGF-2) (Araujo and Cotman, 1992), transforming growth
factor-�1 (TGF-�1) (da Cunha and Vitkovic, 1992), and nerve
growth factor (NGF) (Bandtlow et al., 1990; Gadient et al., 1990;
DeKosky et al., 1994; Friedman et al., 1996), which have survival-
promoting activities on CNS neurons. IL-1 also is a potent
activator of astroglial cells, both in vivo and in vitro (Giulian et
al., 1988; Albrecht et al., 2002). IL-1, in turn, stimulates other
inflammatory mediators, such as phospholipase A2, cyclooxy-
genase-2 (Cox-2), prostaglandins, nitric oxide, matrix metallopro-
teinases, and collagenase (Rothwell and Luheshi, 2000). In
addition, IL-1 promotes adhesion molecule production and
induces the production of other cytokines. For instance, IL-1
induces IL-6 (Sparacio et al., 1992; Norris et al., 1994), tumor
necrosis factor-� TNF-�) (Chung and Benveniste, 1990), col-
ony-stimulating factors (CSFs) (Aloisi et al., 1992), as well as
itself in a positive feedback loop (Boutin et al., 2001). The
plethora of secondary mediators elicited by IL-1 stimulation
increases the difficulty in distinguishing which effects of IL-1
are direct versus indirect.

Determining the cellular and molecular components of CNS
inflammation that are coordinated by IL-1 is essential to under-
standing why antagonizing IL-1 protects neurons and glia from
injury and disease. Using targeted gene disruption, Glaccum et al.
(1997) created a null mutation in the type 1 IL-1R (IL-1R1).
These mice develop normally, are fertile, and can be bred to
homozygocity. The major hematopoietic components of spleen
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and peripheral lymph organs are normal in these mice, and B cells
respond normally to both T-cell-dependent and T-cell-
independent antigens. IL-1R1 null mice remain sensitive to the
lethal effects of lipopolysaccharide and mount a normal acute
phase response. With but a few exceptions, the mice are surpris-
ingly normal. Here we evaluated the functional status of microglia
and astrocytes after a penetrating brain injury. We find that there
is significant abrogation of the microglial /macrophage response,
which suggests that the neuroprotection afforded by antagonizing
IL-1 in animal models of neurological disease is a consequence of
diminished microglial activation and macrophage infiltration.

Parts of this paper have been published previously (Basu et
al., 2001).

MATERIALS AND METHODS
Animals. Adult male IL-1R1 null mice, IL-1R1/TNF-�Rp55 double null
mice on a mixed C57BL/6/129sv background, or wild-type mixed back-
ground mice were used between 3 and 12 months of age. IL-1R1 and
TNF-�Rp55 null mice were provided by Immunex Corporation (Seattle,
WA). All mice were bred and maintained at the Hershey Medical Center
by the Department of Comparative Medicine, an Association for Assess-
ment and Accreditation of Laboratory Animal Care accredited facility.
Animal experimentation was in accordance with research guidelines set
forth by Pennsylvania State University and the Society for Neuroscience
Policy on the Use of Animals in Neuroscience Research.

Penetrating brain injur y. Surgery on adult male mice was performed
under xylazine/ketamine anesthesia (2 mg of xylazine and 15 mg of
ketamine per kilogram). Once the animal failed to respond to an
external stimulus such as a toe pinch, it was secured in a stereotaxic
apparatus. A midline incision exposed the skull, and a small hole (1.35
mm in diameter) was drilled through the skull at 2.0 mm caudal and 2.0
mm lateral from Bregma. Three adjacent, 1-mm-deep penetrating stab
wounds were produced within this hole perpendicular to the pial
surface with a 26 gauge needle. The burr hole was filled with gelfoam
and the scalp was sutured. The surgical procedure required �30 min
per animal. The animals were placed on a warming mat, allowed to
recover, and then returned to the animal facility. At intervals, the mice
were killed by pentobarbital overdose (100 mg/kg) followed by cervical
dislocation. To ensure reproducible tissue sampling, the area of the
cortex containing the stab wound and adjacent tissue was removed
using a 2.7 mm diameter trephin. In addition, tissue from the same
location relative to Bregma in the opposite hemisphere was removed
and used as a control. From this sample any subcortical structures were
removed, isolating only the neocortex and adjacent white matter. The
samples were placed in plastic tubes, quick-frozen on dry ice, and
stored at �80° until assayed.

To follow the diapedesis of peritoneal macrophages into the lesion, we
adapted the method of Ling et al. (1980). Peritoneal macrophages were
labeled by injecting 1 � 10 �11 rhodamine-labeled dextran beads (0.1 �m
average diameter; Molecular Probes, Eugene, OR) into the peritoneal
cavities of three wild-type and four IL-1R1 null mice 2 d before receiving
the stab wound to the neocortex. Animals were perfused, vibratome
sectioned at 30 �m, and mounted onto gelatin-subbed slides.

To determine whether intact IL-1 and TNF-� signaling systems were
required for glial activation by IL-6-type cytokines, 100 ng of recom-
binant human CNTF (rhCNTF) was injected into the neocortex of
adult mice that were double null for the IL-1R1 and the TNF-�Rp55
receptor. Heat-inactivated CNTF was injected into the contralateral
neocortex. Injection coordinates were 1.0 mm anterior and 1.5 mm
lateral relative to Bregma at a depth of 1 mm.

Immunohistochemistr y and in situ hybridization. Animals used for
immunocytochemistry for GFAP and lectin staining were perfused
with culture medium containing 7 U/ml heparin followed by a fixative
containing 3% paraformaldehyde and 0.1% glutaraldehyde in phos-
phate buffer, pH 7.35. Brains were cryoprotected for frozen sections or
immediately sectioned on a vibratome. Immunocytochemistry and in
situ hybridization (ISH) were performed as described previously (Le-
vison et al., 1996). Template DNA for Cox-2 riboprobe generation was
purchased from Cayman Chemicals (Ann Arbor, MI). The plasmid for
vascular cell adhesion molecule-1 (VCAM-1) was generously provided
by Dr. Tucker Collins (Department of Pathology, Brigham and Wom-
en’s Hospital, Boston, MA), and that for intracellular adhesion mole-

cule-1 (ICAM-1) by Shaun Sparacio in Dr. Etty Benveniste’s labora-
tory (University of Alabama at Birmingham, Birmingham, AL).
Tomato lectin staining for microglia using biotinylated lectin followed
by fluorescein-conjugated streptavidin was performed on 35 �m vi-
bratome sections (Acarin et al., 1994).

ELISAs and immunoblotting. Stab wounds were performed on adult
wild-type C57BL/6/129 and IL-1R1 knock-out mice as described above.
Mice were killed at 1, 2, 3, and 7 d after injury. Tissue samples were
placed in 1.5 ml microcentrifuge tubes with 150 �l of homogenization
buffer [in mM: 20 Tris, 1 EDTA, and 255 sucrose with aprotinin, leupep-
tin, pepstatin, and 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochlo-
ride]. Samples were homogenized and then sonicated for 10 pulses, two
times each. Protein concentrations were determined using the Pierce
(Rockford, IL) BCA protein assay kit according to the manufacturer’s
instructions. All tissue samples were stored at �80°C until needed.
ELISA for NGF was performed as described previously (DeKosky et
al., 1994).

For protein separation, 10 �g of each sample was electrophoresed on
a 7.5% polyacrylamide gel and transferred to a nitrocellulose membrane.
The membrane was then blocked in 2% nonfat dry milk in PBS-Tween
20 for 1 hr at room temperature with gentle agitation. After blocking, the
membranes were incubated with anti-Cox-2 (purchased from Santa Cruz
Biotechnology, Santa Cruz, CA) diluted 1/1000 in 1% BSA diluent
(diluent composed of 1 mg/ml BSA dissolved in PBS-Tween 20) over-
night at 4°C with gentle agitation. After extensive washes in PBS-Tween
20, membranes were incubated with goat anti-mouse horseradish perox-
idase (Jackson ImmunoResearch, West Grove, PA) at a dilution of
1/10,000 in 1% BSA diluent for 1 hr, with agitation. The membranes were
rinsed again in PBS-Tween 20. The Renaissance chemiluminescence
reagent from New England Nuclear (Boston, MA) was used according to
the manufacturer’s instructions. The membranes were exposed to film for
20–30 sec. Membranes were stripped (30 min at 50°C in 62.5 mM
Tris-HCl, pH 6.8, 2% SDS, 100 mM 2-mercaptoethanol) and reprobed
with anti-�-tubulin to determine whether the samples were loaded equiv-
alently. The dilution of anti-�-tubulin (Santa Cruz Biotechnology) was
1/1000 in 1% BSA diluent. Optical density measurements were made
using NIH Image 1.62a.

Genotyping. PCR analysis of tail DNA was performed to identify mice
carrying the mutant allele. DNA was obtained from each mouse by
phenol–chloroform extraction. Three different sets of primers were used
for PCR: 5�-GAGTTACCCGAGGTCCAG-3�, 5�-GAAGAAGCTCA-
CGTTGTC-3�, and 5�-GCGAATGGGCTGACCGCT-3�. PCR was per-
formed under the following conditions: 94°C for 30 sec, 53.5°C for 1 min,
and 72°C for 1.5 min. A total of 35 cycles were performed. The PCR
products were resolved and visualized on a 1% agarose gel containing
ethidium bromide and run in 1� Tris-acetate-EDTA (TAE) buffer. The
expected finding for an IL-1R1 wild type (�/�) is a single band at 1150
bp. A heterozygote (�/�) had two bands present at 1150 and 860 bp. An
IL-1R1 null mouse (�/�) had a single band at 860 bp.

Multiplex reverse transcriptase-PCR. Tissue samples were homogenized
in Trizol reagent (Molecular Research, Bethesda, MD) (1 ml/50–100 mg
tissue) using a glass-Teflon homogenizer, and total cellular RNA was
isolated as per the manufacturer’s instructions. Isolated total RNA (1.0
�g) was reverse transcribed using oligo-dT and random nonamers. Mul-
tiplex PCR parameters were followed according to manufacturer’s in-
structions (Maxim Biotech Inc, San Francisco, CA). The multiplex PCR
kit used in this study consisted of a primer cocktail designed for several
known anti-inflammatory and proinflammatory cytokines that are criti-
cal in inflammation (Table 1) Reactions were prepared and cycled on a
Hybaid (Franklin, MA) gradient thermal cycler using suggested reaction
times and temperatures for the denaturing, annealing, and extension
steps. Briefly, a master mix was created containing 10� PCR buffer, 10�
primers, deoxyNTPs (dNTPs) (3.12 mM), and Taq polymerase (5 U/l).

Table 1. Expected sizes for products of the cytokine multiplex PCR kit

1 GAPDH 532 bp
2 IL-6 453 bp
3 TNF-� 351 bp
4 IL-1� 294 bp
5 TGF-� 249 bp
6 GM-CSF 200 bp
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The PCR was performed with the following conditions: two cycles at
96°C for 1 min and 58°C for 4 min, 30 cycles at 94°C for 1 min and 58°C
for 2.5 min, and 1 cycle at 70°C for 10 min. The PCR products were
separated and resolved on a 3% NuSieve 3:1 agarose gel, run in 1� TAE
buffer, and visualized with ethidium bromide.

32P-labeled reverse transcriptase-PCR. Total cellular RNA was reverse
transcribed as described above. Oligonucleotide primer pairs against
mouse Cox-2, TNF-�, and IL-6 were designed, checked for specificity
using the BLAST database (http://genomic.nghri.nih.gov/blastall), and
prepared in the Molecular Core Facility of the Pennsylvania State Col-
lege of Medicine. Primer sequences are shown in Table 2. PCR param-
eters were established for each primer set to determine the optimal
annealing temperature and cycle number for evaluation within the linear
range of amplification. Reactions were prepared and cycled on a Hybaid
gradient thermal cycler using standard reaction times and temperatures
for the denaturing, annealing, and extension steps. Briefly, a master mix
was created containing 10� PCR buffer, dNTPs, Taq polymerase, and
32P-labeled dCTP. The housekeeping gene cyclophilin was analyzed
using the same reaction mixture. PCR products were then mixed with 2�
formamide running dye and heat denatured at 95°C for 3 min; next, 7 �l
samples per well were loaded onto precast 5% urea/acrylamide gels
(Bio-Rad, Hercules, CA) and electrophoresed at 104 V for �1 hr. Gels
were dried, placed onto a blanked PhosphorImager (Molecular Dynam-
ics, Sunnyvale, CA) screen cassette, and exposed overnight. The exposed
phosphor screen was then captured by laser scan (Molecular Dynamics),
and individual bands were quantified using the ImageQuant software
program (Molecular Dynamics) supplied with the scanner. In addition,
steps were taken to limit experimental variability, including the running
of duplicate reactions and/or duplicate gel lanes.

Statistical analysis. All comparisons between groups were performed
using an ANOVA, with Fisher’s PLSD method for post hoc pairwise
multiple comparisons to detect p values of �0.05 between individual
group means.

RESULTS
Microglia activation is abrogated in IL-1R1 null mice
To establish which cellular and molecular aspects of the response
of the brain to injury require IL-1 signaling, we examined the
response to a penetrating brain injury in IL-1R1 null mice. At a
macroscopic level, the wound sites of the wild-type animals were
readily identifiable on the cortical surface. In contrast, the wound
sites were always more difficult to identify in the null mice
because of a paucity of hematogenous cells. At the microscopic
level, changes in microglial /macrophage, astroglial, and vascular
responses were evident. When examined 24 hr subsequent to the
penetrating injury to the neocortex, IL-1R1 null mice had fewer
amoeboid microglia/macrophages adjacent to the injured brain
tissue than age-matched wild-type counterparts, as revealed by
tomato lectin histofluorescence, which reveals both resting and
activated microglia. Immediately adjacent to the injury site, ram-
ified microglia and a few amoeboid microglia were present in the
IL-1R1 null mice, whereas amoeboid microglia were abundant in
the wild-type animals (Fig. 1A,B).

Leukocyte infiltration is abrogated in IL-1R1 null mice
The above findings suggested that there was a failure to activate
endogenous microglia after injury; however, the decrease in the
number of amoeboid microglia adjacent to the injury site could
have been caused by a failure to recruit circulating macrophages
into the lesioned tissue. To discriminate between these two
hypotheses, we adapted the method of Ling et al. (1980) to follow

Table 2. Oligonucleotide primers used for RT-PCR

Upper Lower

Cox-2 5�-AAGGCCTCCATTGACCAG-3� 5�-TCTTACAGCTCAGTTGAACGC-3�

IL-6 5�-GACAAAGCCAGAGTCCTTCAGAGAG-3� 5�-CTAGGTTTGCCGAGTAGATCTC-3�

Cyclophilin 5�-CCATCGTGTCATCAAGGACTTCAT-3� 5�-TTGCCATCCAGCCAGGAGGTCT-3�

Oligonucleotide primer pairs against mouse Cox-2, IL-6, and cyclophilin were designed, checked for specificity using a basic BLAST search, and prepared in the core facility
of the Pennsylvania State College of Medicine. Primer sets were diluted to a final concentration of 5 �M in water and used for RT-PCRs as described in Materials and Methods.

Figure 1. Microglia and macrophages
are less responsive to stab wound in
the IL-1R1 null mice. Adult IL-1R1
mice ( A) or age-matched wild-type
mice ( B) received a penetrating brain
injury. After 24 hr, the animals were
killed by perfusion and processed for
tomato lectin histofluorescence. In
these panels the lesion ( L) is at the
bottom. In the wild-type mice there
are numerous amoeboid microglia at
the immediate site of the injury ( B),
whereas in the IL-1R1 null mice, there
are ramified microglia present and re-
active or amoeboid microglia are vir-
tually absent ( A). To assess diapedesis
of macrophages into the damaged
brain, peritoneal macrophages were
labeled with fluorescent microbeads
2 d before mice received a stab wound
to the neocortex. Two macrophages
are illustrated in C, which was ob-
tained using Nomarski optics. The
macrophages adhered to the luminal
surface of a cerebral capillary. The
fluorescent beads within these cells

are depicted in D. Although bead-labeled cells could be identified in wild-type brains at 24 hr of recovery, no bead-labeled cells were evident in
the IL-1R1 null mice. Scale bar, 20 �m.
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the infiltration of peripheral macrophages into the brain lesion.
Peritoneal macrophages were labeled by injecting rhodamine-
labeled dextran beads into the gut (0.1 �m average diameter) 2 d
before receiving a stab wound to the neocortex. Cells that had
engulfed the beads could then be visualized by fluorescence
microscopy (Fig. 1C,D). When the number of bead-labeled cells
was analyzed at 1 d after the injury, no bead-labeled macrophages
could be detected in the IL-1R1 null mice. In contrast, in the
damaged wild-type mice, bead-labeled cells could be detected
within the parenchyma and adhered to the luminal surface of
endothelial cells. At least 1 bead-labeled cell was detected every
400 �m. Although bead-labeled cells were detected, they were not
as numerous as the number of amoeboid phagocytes. These data
suggest that there was both a failure to activate endogenous
microglia and a failure to recruit exogenous macrophages to the
brain after the stab wound.

Cox-2 production is dramatically reduced in IL-1R1
null mice
To assess the functional state of the microglia/macrophages after
a stab wound, we analyzed the expression of prostaglandin en-
doperoxidase H synthase (EC 1.14.99.1), commonly known as
Cox-2, which is a potent proinflammatory enzyme that catalyzes
the production of prostaglandins as well as reactive oxygen spe-
cies. Analyses of RNA and protein levels for Cox-2 demonstrated
that IL-1R1 null mice had lower basal levels of expression of
Cox-2, and that in response to the injury, the levels of Cox-2
remained below the basal levels measured in wild-type mice.
Figure 2A presents a quantitative analysis of Cox-2 mRNA levels
from three wild-type and three knock-out adult C57BL/6 mice
subjected to a unilateral penetrating neocortical injury. For each
mouse, tissues from the nondamaged hemisphere (contralateral
cortex), as well as the lesioned hemisphere (stab wound) were
analyzed by reverse transcriptase (RT)-PCR. Surprisingly, the
basal level of Cox-2 mRNA in IL-1R1 null mice was only 18% of
that seen in the wild-type mice. Levels of Cox-2 mRNA did
increase in the null mice by 18 hr after a penetrating brain injury;
however, the stimulated level of Cox-2 mRNA achieved was only
29% of that measured in the wild-type neocortex in response to
injury. Thus, after a penetrating brain injury, Cox-2 mRNA still
remained 20% below that measured in the uninjured wild-type
brain.

To assess Cox-2 protein levels, an immunoblot analysis at 2, 3,
and 7 d after a penetrating brain injury was performed. On the
immunoblot, Cox-2 resolved as a single band of 80 kDa (Fig. 2B).
Cox-2 protein levels increased dramatically in the wild-type le-
sioned tissue by 2 d after the injury; however, at 2 d after injury,
Cox-2 protein had not increased in the IL-1R1 null animals (Fig.
2B). Optical density measurements for Cox-2 for each sample
were obtained and normalized to the level of �-tubulin in each
sample. The level of Cox-2 in the injured hemisphere was then

Figure 2. Cox-2 mRNA and protein induction are depressed in IL-1R1
null mice. A, 32P-labeled RT-PCR analysis of Cox-2 mRNA transcripts at
18 hr after a penetrating cortical injury in IL-1R1 null mice. Samples from
three wild-type (WT ) and three IL-1R1 null mice are depicted. For each
mouse, tissue from the nondamaged hemisphere [contralateral cortex
(CC)] as well as the lesioned hemisphere [stab wound (SW )] were ana-
lyzed by RT-PCR. Quantification of 32P-labeled PCR product was per-
formed using the ImageQuant software program supplied with the Phos-
phorImager. Values of Cox-2 mRNA transcripts were normalized to
cyclophilin from the same PCR. Comparisons between groups were
statistically different from each other; p � 0.001 as determined by
ANOVA followed by t test with Bonferroni correction. KO, Knock-out. B,
Tissue from wild-type (wt) or IL-1R1 null mice at 2 d after stab wound
(sw) analyzed by immunoblot for Cox-2 using chemiluminescence detec-
tion. Blots were reprobed for �-tubulin to establish equal protein loading.
The top band in each lane in B represents Cox-2 (Mr � 80 kDa), whereas
the bottom band represents �-tubulin (Mr � 57 kDa). These immunoblots
show that the level of Cox-2 was significantly lower in the IL-1R1 null
mice under basal conditions, and that the levels did not increase after
injury. cc, Contralateral cortex; ko, knock-out. C, Densitometric analysis
of immunoblots at 2, 3, and 7 d after a penetrating brain injury. Mea-
surements of the optical densities for Cox-2 for each sample were nor-
malized to the level of �-tubulin; the level of Cox-2 in the injured
hemisphere was expressed as the percentage of the level of Cox-2 in the
contralateral cortex as indicated by the solid horizontal line. Asterisks

4

indicate significant differences in the level of Cox-2 in the null mice
compared with injured wild-type (WT ) mice ( p � 0.0001; n � 3 mice).
The data for the 3 d recovery represent the average from two mice from
each strain, whereas the other values are averaged from three mice per
group. At 2 d after injury, the levels of Cox-2 in the null mice in the
injured hemisphere were not different from the levels in the control
hemisphere. By 7 d, however, there was a slight increase in Cox-2 protein
levels. Measurements of the average optical densities between wild-type
and knock-out (KO) samples and their respective controls showed no
significant differences in �-tubulin levels.

6074 J. Neurosci., July 15, 2002, 22(14):6071–6082 Basu et al. • Abrogated CNS Immune Surveillance in IL-1R1 Null Mice



expressed relative to the level of Cox-2 in the contralateral cortex.
This analysis revealed that Cox-2 protein levels increased �100%
by 2 d after a stab wound in the wild-type mice, whereas they
increased only 5% in the IL-1R1 null mice (which was not
statistically significant from basal levels). Cox-2 levels remained
relatively unresponsive in the null mice for up 7 d; at that time (at
7 d after the penetrating neocortical injury), Cox-2 increased to
150% above controls in the wild-type mice, whereas it increased
to only 40% above controls in the IL-1R1 null mice (Fig. 2C). As
observed with the mRNA analysis, the basal level of Cox-2
protein expression was significantly lower in the IL-1R1 null
mice. In the neocortex from the contralateral hemisphere of
brains analyzed at 7 d after the injury, the normalized value for
Cox-2 protein in the wild-type mice was 38.6 � 2.6 OD units
versus 18.7 � 1.9 in the IL-1R1 null mice (a difference of �50%).

Phagocytic but not neuronal Cox-2 is decreased in IL-
1R1 null mice
Because Cox-2 is expressed by subsets of neurons in the cerebral
cortex, studies were performed using ISH and immunofluores-
cence to assess which cells were producing Cox-2. Cryostat sec-
tions from injured mice were processed for ISH 3 d after a
penetrating cortical injury using a 35S-labeled riboprobe for
Cox-2. In wild-type mice, at the level of the penetrating brain
injury, increased hybridization was observed in cells along the
pial surface as well as in labeled cells along the needle track (Fig.
3). In contrast, in the IL-1R1 null mice the level of hybridization
was equal to or less than that seen in the uninjured wild-type
mouse cerebral cortex. As expected, Cox-2 mRNA was constitu-
tively expressed by a subset of neurons in the superficial layers of
the mouse cerebral cortex, and the levels in these cells were not
altered after the injury. To establish whether Cox-2-expressing
cells adjacent to the wound were microglia/macrophages, cryostat
sections from brain-injured mice were processed for Cox-2 im-
munoreactivity in combination with other cell type-specific mark-
ers. A subset of cells at the injury site coexpressed tomato lectin-
binding proteins and Cox-2 (Fig. 4A). These double-labeled cells
were most abundant immediately adjacent to the penetrating
injury, or at the base and apex of the injury, and their numbers
decreased at increasing distances from the injury. In single optical
sections obtained using a confocal microscope, the signals over-
lapped, and rotating the image proved that indeed the Cox-2 was
within lectin-binding cells (data not shown). In the injured IL-
1R1 null mouse, Cox-2-expressing cells were rarely observed (Fig.
4B). To confirm that the Cox-2-labeled cells adjacent to the
wound were activated microglia or macrophages, adjacent sec-
tions were stained for CD11b and F4/80, which are markers of
microglia/macrophages. These analyses revealed that the Cox-2-
positive cells also expressed CD11b and F4/80 (Fig. 4C,D). None
of the Cox-2-expressing cells had multilobed nuclei, characteristic
of neutrophils.

VCAM-1 expression is abrogated in IL-1R1 null mice
IL-1 increases extravasation of leukocytes by increasing the
levels of adhesion molecules on vascular endothelial cells.
Because we had observed peritoneal macrophages that ad-
hered to the luminal surfaces of brain endothelial cells at the
injury site, the expression of VCAM-1 and ICAM-1 were
analyzed by ISH using 35S-labeled riboprobes. When analyzed
3 d after a penetrating cortical injury, VCAM-1 expression was
induced in wild-type mice along the needle track (Fig. 5). In
contrast, in the IL-1R1 null mice the level of hybridization was

Figure 3. Cox-2 mRNA induction is abrogated 3 d after a penetrating
cortical injury in IL-1R1 null mice compared with wild-type (WT ) mice.
Cryostat sections from brain-injured mice were processed for ISH using a
35S-labeled riboprobe for Cox-2. The control (CTL) panel illustrates the
basal expression of Cox mRNA seen in the superficial layers of the mouse
cerebral cortex. In a wild-type mouse at the level of the penetrating brain
injury, increased hybridization was observed in cells along the pial surface
as well as in labeled cells along the needle track. In contrast, in the IL-1R1
null mice the level of hybridization was equal to or less than that seen in
the uninjured wild-type mouse cerebral cortex. Scale bar, 50 �m.
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equal to that seen in the uninjured wild-type mouse cerebral
cortex. A similar analysis of ICAM-1 expression was inconclu-
sive, because both the basal and induced levels of ICAM-1
were below the limits of detection for the exposure time used.

Astrogliosis is blunted in IL-1R1 null mice
Analysis of the astroglial response to brain injury revealed that
this response was also blunted. At 3 d after lesion, GFAP
immunoreactivity increased in both the wild-type and knock-
out mice, but the response was abrogated in the IL-1R1 null
mice (Fig. 6). Astrocytes adjacent to the injury in the wild-type
mice were hypertrophic and exhibited dramatic increases in
GFAP immunoreactivity (Fig. 6C). In contrast, in the IL-1R1
null mice the astrocyte response was minimal. Astrocytes
adjacent to the injury in IL-1R1 mice stained less robustly for
GFAP and were on average smaller in size (Fig. 6 D). An
analysis of GFAP protein levels as measured using a two-site

ELISA confirmed the immunohistochemical findings (S.
Druckman and S. W. Levison, unpublished observations).

Proinflammatory cytokine expression is decreased in
IL-1R1 null mice
Because IL-1 is known to stimulate an immune response by
increasing the levels of other proinflammatory cytokines, IL-6,
TNF-�, IL-1�, TGF-�, and granulocyte/macrophage (GM)-CSF
mRNAs were measured 18 hr after a penetrating cortical injury.
Similar to the expression of Cox-2, basal levels of IL-6 and IL-1�
were much reduced in the IL-1R1 null mice compared with
wild-type mice (Fig. 7). After injury, the levels of these cytokine
mRNAs increased in both strains of mice, but the levels expressed
in the IL-1R1 null mice did not increase to the same extent as in
the wild-type mice (Fig. 7A). Using a more sensitive and quanti-
tative approach, 32P-RT-PCR was performed for IL-6 and
TNF-� mRNAs. Reminiscent of the measured levels of Cox-2,

Figure 4. Microglia and macrophages produce Cox-2 adjacent to the injury site at 3 d after a penetrating brain injury. Cryostat sections from
brain-injured mice were processed for Cox-2 immunoreactivity in combination with other cell type-specific markers. All sections were counterstained
with 4�,6�-diamidino-2-phenylindole to reveal nuclear details of labeled cells. As illustrated in A, a subset of cells immediately adjacent to the injury site
coexpressed tomato lectin-binding proteins (rhodamine) and Cox-2 (Alexa 488). The inset depicts a higher-power view of coexpressing cells. B depicts
a similar region adjacent to the injury site in the IL-1R1 null mouse. Cox-2-expressing cells were rarely observed. To confirm that the labeled cells were
microglia or macrophages, adjacent sections were stained for CD11b (rhodamine) and Cox-2 (Alexa 488) (C) or for F4/80 (rhodamine) and Cox-2 (Alexa
488) (D). Scale bars: A–C, 40 �m; D, 20 �m.
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the basal level of IL-6 in the IL-1R1 null mice was 10% of the
wild-type mice (Fig. 7B). At 18 hr after injury, IL-6 mRNA did
increase in the null mice; however, the stimulated level of IL-6
mRNA achieved was only 5% of the stimulated level in the
wild-type neocortex. When compared with the uninjured wild-
type brain, IL-6 mRNA expression in the injured IL-1R1 null
neocortex remained �30% of that measured in the uninjured
wild-type neocortex. Interestingly, a similar analysis of TNF-�
levels revealed no difference in either the basal level or the
induced levels of TNF-� in the IL-1R1 null versus wild-type
mouse strains.

NGF induction is normal in IL-1R1 null mice
Studies have demonstrated that IL-1 induces NGF both in vivo
(DeKosky et al., 1994) and in vitro (Friedman et al., 1990).
Because an abrogated astroglial response was observed, and be-
cause IL-1 is known to induce NGF in astrocytes, it was of
interest to assess NGF production as an index of astroglial func-
tion. Therefore, we analyzed the induction of NGF after stab
wound in the IL-1R1 null mice. At 1, 3, and 7 d after stab wound,
an analysis of protein homogenates by ELISA revealed that NGF
protein levels were elevated in both strains of mice. There was a
smaller response in the IL-1R1 null mice, but this decrease was
not statistically significant (Fig. 8).

IL-6-type cytokines activate astrocytes independent of
IL-1R1 and TNF-�Rp55
Finally, because the astroglial response was mildly affected in the
IL-1R1 mice, we hypothesized that other injury signals were
responsible for their activation. Our previous studies demon-
strated that the IL-6-type cytokine CNTF is a potent activator of
astrocytes, and that CNTF induces the mRNAs for GFAP and
vimentin (Levison et al., 1996; Albrecht et al., 2002). Because a
related cytokine, leptin, has been shown to mediate its central
effects via IL-1 (Luheshi et al., 1999), we asked whether intact
IL-1 and TNF-� signaling systems were required for glial activa-
tion by CNTF. One hundred nanograms of rhCNTF were in-
jected into the cortex of adult mice that were double null for the
IL-1R1 and the TNF-�Rp55 receptor. Sections from these in-
jected brains were analyzed by ISH for two markers of glial
activation, GFAP and vimentin. Two days after injecting CNTF,
there was a robust increase in the expression of both intermediate
filament protein mRNAs in the hemisphere that was injected with
CNTF versus the control hemisphere (Fig. 9). This induction was
not merely a response to injection, as we have documented
previously (Levison et al., 1996).

DISCUSSION
Numerous cytokines regulate and coordinate the activity and
function of immune cells. However, data presented here demon-
strate that IL-1 signaling through the IL-1R1 is essential for
multiple aspects of the response of the brain to a tissue-damaging
injury. Analyses at both the cellular and molecular levels to a
penetrating cortical injury in mice that lacked the IL-1R1 dem-
onstrated: (1) diminished activation of resting microglia toward a
reactive state, (2) deficient recruitment of peripheral macro-
phages, (3) an abated astroglial response, (4) attenuated produc-
tion of the adhesion molecule VCAM-1, (5) attenuated Cox-2
production, and (6) attenuated levels of proinflammatory cyto-
kine mRNAs. In contrast, one of the adaptive responses associ-
ated with IL-1 stimulation, the induction of NGF, was intact.
Based on these findings, we conclude that IL-1 is required to
rapidly initiate the innate immune response to CNS injury.

Figure 5. VCAM-1 induction is abrogated in IL-1R1 null mice at 3 d
after a penetrating brain injury. Cryostat sections from brain-injured mice
were processed for ISH using an 35S-labeled riboprobe for VCAM-1. The
control (CTL) panel illustrates the basal expression of VCAM-1 mRNA
seen in the deep layers of the mouse cerebral cortex. In a wild-type (Wt)
mouse at the level of the penetrating brain injury, increased hybridization
was observed in cells along the needle track. The inset depicts hybridiza-
tion for VCAM-1 in a cell adjacent to the lumen of a blood vessel. In
contrast, in the IL-1R1 null mice the level of hybridization at the level of
the penetrating brain injury was equal to or less than that seen in the
uninjured wild-type mouse cerebral cortex. Scale bar, 50 �m.
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Microglia and macrophages are phagocytes, and thus evolu-
tionarily represent the oldest specialized cells functioning to
protect the body from injury and infection. The first response of
a tissue to injury is the innate immune response. In a classic study
published in 1893, Elie Metchnikoff demonstrated that pricking
the arm of a starfish (a simple organism that lacks lymphocytes)
with a thorn will recruit phagocytes to the wound (Silverstein,
1989). These phagocytes produce mediators that not only coor-
dinate tissue remodeling in response to damage but also possess
several means by which they protect cells in the penumbra of the
injury from infection. For instance, macrophages and microglia
possess surface receptors such as CD11b that enable them to
recognize several microbes, including Escherichia coli, Leishma-
nia, and yeasts. Once identified, these microbes are ingested and
thus neutralized. Tissue macrophages also ingest cellular debris
and damaged cells to facilitate tissue remodeling. An important
function of the innate immune response is to recruit more phago-
cytic cells to the site of tissue injury through the release of
cytokines, chemokines, and other inflammatory mediators. Mac-

rophages and activated microglia release a diverse set of cyto-
kines that include IL-1, IL-6, IL-8, IL-12, and TNF-�. These
cells also release a variety of other molecules including toxic
oxygen radicals, peroxides, nitric oxide, and lipid mediators of
inflammation, such as prostaglandins, leukotrienes, and platelet-
activating factor. The net effect of these mediators is to kill
infectious organisms and infected cells, to increase local blood
flow, and to stimulate the production of molecules to amplify the
mounting cellular response to damage.

The innate immune response is an adaptive response that has
evolved to protect the organism. However, it also is evident that
in a nonregenerating organ such as the brain, a dysregulated
innate immune response would be deleterious. Here we have
shown that IL-1 signaling via the IL-1R1 is required to efficiently
activate the innate immune response in the brain. A study using
these same mice has determined that inflammation in response
to subcutaneous infection is similarly diminished in the absence
of the IL-1R1 (Boelens et al., 2000). As discussed in the intro-
ductory remarks, numerous studies have demonstrated that

Figure 6. GFAP immunoreactivity is reduced in IL-1R1 null mutant mice after a penetrating cortical injury. Adult IL-1R1 null or age-matched
wild-type mice received a penetrating brain injury perpendicular to the pial surface using a sterile 25 gauge blunt needle. After 3 d, the animals were
killed by perfusion and processed for GFAP immunohistochemistry. The stab wound is at the bottom of each panel. In the wild-type mice there is a robust
increase in GFAP immunohistochemistry (A, C), whereas in the IL-1R1 null mice this response is blunted (B, D). Scale bars: A, B, 20 �m; C, D, 40 �m.

6078 J. Neurosci., July 15, 2002, 22(14):6071–6082 Basu et al. • Abrogated CNS Immune Surveillance in IL-1R1 Null Mice



antagonizing IL-1 protects neurons and glia from sustaining
damage in models of neurological disease. Other studies have
demonstrated that increasing the levels of IL-1 exacerbates the
extent of tissue damage. For instance, administering IL-1� in-
creases the severity of ischemic brain damage, and administering
IL-1� aggravates the neuropathological consequences of experi-
mental autoimmune encephalomyelitis (Jacobs et al., 1991; Ya-
masaki et al., 1995; Loddick and Rothwell, 1996; Stroemer and
Rothwell, 1998). Our data demonstrate clearly that IL-1 is essen-
tial for efficiently initiating and perpetuating the innate immune
response in the brain. Accordingly, a component of the neuro-
protection afforded by antagonizing IL-1 in animal models of
neurological disease must be a consequence of diminished micro-
glial activation and macrophage infiltration.

The diminished brain damage observed in models of neuro-
logical disease in which IL-1 activity or production was abro-
gated is likely caused by multiple factors. Interestingly, the
most dramatic result obtained in our studies was that both the
basal and induced expression of Cox-2 was greatly diminished
in the IL-1R1 null mouse. Cox-2 is an inducible enzyme that

catalyzes the first steps in the synthesis of prostanoids such as
prostaglandin E2 and prostaglandin I2. These lipid-derived
mediators of inflammation can induce edema, which is delete-
rious to neuronal function and survival. In addition, a byprod-
uct of Cox-2 catalysis is the production of reactive oxygen
species, which multiple studies have shown contribute to brain
damage. IL-1 has been strongly implicated in the pathogenesis
of Alzheimer’s disease, because it is expressed by microglia
surrounding plaques and because polymorphisms in IL-1� and
IL-1� increase the risk of developing Alzheimer’s disease
(Sheng et al., 1995; Griffin et al., 2000). Cox-2 is increased in
Alzheimer’s brains (Pasinetti and Aisen, 1998), and cyclooxy-
genases have been implicated in Alzheimer’s disease, because
patients receiving nonsteroidal anti-inflammatory drugs had a
decreased incidence and severity of Alzheimer’s disease
(Akiyama et al., 2000). Additional evidence that cyclooxygen-
ases and prostaglandin production exacerbate brain damage
comes from studies showing that Cox-2-overexpressing trans-
genic mice are more vulnerable to excitotoxic insult, and that

Figure 7. Induction of proinflamma-
tory cytokine transcripts is abrogated in
IL-1R null mutant mice after pene-
trating cortical injury. A, PCR cDNA
products for IL-6, TNF-�, IL-1�,
TGF-�, GM-CSF and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH )
at the 18 hr time point after a pene-
trating cortical injury are shown. An
ethidium-stained gel containing samples
from three wild-type (WT ) and three
knock-out (KO) adult mice is depicted.
Tissue from the nondamaged hemi-
sphere as well as the lesioned hemi-
sphere [stab wound (SW )] was analyzed
by multiplex RT-PCR. This analysis re-
vealed that the basal levels of IL-6 and
IL-1 were much reduced in the IL-1R1
null mice compared with wild-type
mice. After injury, the levels of these
cytokine mRNAs increased in both
strains of mice, although they did not
increase to the same levels in the IL-
1R1 null mice. The respective sizes of
the PCR products are shown in Table 1.
B, 32P-labeled RT-PCR analysis of IL-6
mRNA transcripts was performed 18 hr
after penetrating cortical injury. Tissue
from the contralateral cortex (CC) as
well as the stab wound (SW ) from three
wild-type and three IL-1R1 null adult
mice was analyzed. Values of IL-6
mRNA transcripts were normalized to
cyclophilin from the same PCR and
then expressed as percentage of the
value obtained for the wild-type unle-
sioned cortex. Comparisons between
groups were statistically different from
each other; p � 0.0001 as determined by
ANOVA followed by a t test with Bon-
ferroni correction, with the exception of
the KO-CC versus the KO-SW, which
was not statistically different.
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mice lacking phospholipase A2 are less vulnerable to cerebral
ischemia (Bonventre et al., 1997; Kelley et al., 1999).

The studies reported here also demonstrate that IL-1 partici-
pates in recruiting peripheral leukocytes to the CNS. We found
that the expression of VCAM-1 was abrogated in the IL-1R1 null
mice, and that consequently macrophage infiltration was defi-
cient. These results are in accord with studies that demonstrated

that depleting blood leukocytes and blocking vascular adhesion
molecules protects the brain from ischemic brain damage (Chopp
et al., 1994; Hallenbeck, 1996). Interestingly, a subset of amoe-
boid phagocytes adjacent to the injury expressed Cox-2. Although
direct evidence is lacking that these are peripherally derived
macrophages, many of these cells were within the wound site or
were located superficially. Thus it is likely that they are blood
derived. This interpretation is in agreement with studies by
Minghetti et al. (1999), who demonstrated that injecting heat-
killed bacteria stimulated the expression of Cox-2 within infiltrat-
ing hematogenous cells (Minghetti et al., 1999). Should additional
studies confirm this interpretation, this observation suggests that
peripheral macrophages may be more harmful within the CNS
than activated microglia.

The data presented here clearly show that IL-1 is an upstream
mediator of the innate immune response, and that IL-1 is essen-
tial for both basal and induced expression of IL-6. IL-6 expres-
sion was greatly diminished in the uninjured IL-1R1 null mouse
brain, and after injury, IL-6 mRNA did not reach the level
observed in the resting wild-type brain. IL-6 is itself a strong
microglial activator. In vitro IL-6 stimulates microglial prolifera-
tion and the expression of numerous markers of activation includ-
ing GM-CSF, metallothionines, Cox-2, and the Hck, Fes, and Fak
protein tyrosine kinases (Streit et al., 2000; Basu et al., 2002).
Transgenic mice expressing high levels of IL-6 in the brain
develop severe neurologic disease characterized by tremor,
ataxia, and seizures. Moreover, IL-6-overexpressing transgenic
mice develop age-related deficits in avoidance learning that par-
allel the occurrence of neuropathology (Heyser et al., 1997).
Histologically, their brains exhibit neuronal loss and astrogliosis.
Furthermore, increased levels of several acute-phase proteins
such as �1 antichymotrypsinogen are observed (Campbell et al.,
1993). Complementary studies in IL-6 null mice have shown that
microglial activation is severely abrogated after cortical and facial
nucleus lesions (Klein et al., 1997; Penkowa et al., 1999). These
findings indicate that IL-6, which we have shown is downstream

Figure 8. The increase in NGF protein is slightly decreased but not
delayed in IL-1R1 null mutant mice after a penetrating cortical injury.
NGF levels were measured by two-site ELISA at 1, 3, or 7 d after injury
in wild-type (WT ) or IL-1R1 null mice. NGF protein levels were nor-
malized to the level of total protein in each sample. As shown, NGF
increased both in wild-type and in the IL-1R1 null mice, reaching a peak
at 1 d after injury. The levels in the receptor null mutants were 30% less
than those in the wild-type animals; however, this difference was not
statistically significant according to Student’s t test. The increase in the
IL-1R1 null also followed a normal time course.

Figure 9. IL-6-type cytokines activate astrocytes independent of IL-1R1 and TNF-�Rp55. Adult IL-1R1/TNF�-Rp55 double null mice received an
injection of 100 ng of rhCNTF into the neocortex. At 48 hr of survival, animals were perfused and processed for ISH with a 35S-labeled antisense probe
to GFAP or vimentin (VIM ). After hybridization, the slides were exposed to autoradiographic film and exposed for 2 (GFAP) or 5 (vimentin) d.
Photographs were taken of the autoradiographic films using bright-field illumination. Hybridization on the contralateral hemisphere, which received
heat-inactivated CNTF, was not above basal levels.
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of IL-1, participates in CNS inflammation and neurodegenerative
disease pathophysiology.

Although many aspects of the injury response were compro-
mised in the IL-1R1 null mice, our data also demonstrate that
IL-1 is not essential for every aspect of CNS gliosis. For instance,
IL-1 was not required for NGF production to be induced. Al-
though there are many studies demonstrating that IL-1 is a potent
inducer of NGF, there also are studies that demonstrate that NGF
production can be stimulated by other injury-associated factors
such as TNF-�, TGF-�1, and FGF-2 (Gadient et al., 1990; Vige
et al., 1991; Hahn et al., 1994). We also found that the astroglial
response was blunted but not absent. Using an ELISA for GFAP,
we have established that there is a 50% decrease in GFAP protein
at 3 d after the injury; however, by 7 d, the level of GFAP in the
null mouse has reached induced levels equivalent to those seen in
the wild-type mouse (M. Cicchese and Levison, unpublished
observations). This finding was not surprising in view of the
redundant signals that activate astrocytes and is in agreement
with our demonstration that CNTF will stimulate astrogliosis in
the absence of functional IL-1R1 and TNF-�Rp55 receptors.
These findings are encouraging, because they suggest that several
of the adaptive responses of astroglial cells to injury would
remain unperturbed when IL-1 is antagonized.

Conclusion
We conclude that IL-1 signaling is a critical component of the
injury response within the CNS. Because multiple aspects of the
innate immune response are abrogated in the IL-1R1 null mouse
brain, the results of this study strongly endorse continued assess-
ment of IL-1 blocking reagents as treatments for traumatic brain
injury, stroke, MS, and Alzheimer’s disease. Therapies directed
at IL-1 may prove far more effective than inhibiting any other
single inflammatory mediator.
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