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CD36, a class-B scavenger receptor involved in multiple functions, including inflammatory signaling, may also contribute to ischemic
brain injury through yet unidentified mechanisms. We investigated whether CD36 participates in the molecular events underlying the
inflammatory reaction that accompanies cerebral ischemia and may contribute to the tissue damage. We found that activation of nuclear
factor-�B, a transcription factor that coordinates postischemic gene expression, is attenuated in CD36-null mice subjected to middle
cerebral artery occlusion. The infiltration of neutrophils and the glial reaction induced by cerebral ischemia were suppressed. Treatment
with an inhibitor of inducible nitric oxide synthase, an enzyme that contributes to the tissue damage, reduced ischemic brain injury in
wild-type mice, but not in CD36 nulls. In contrast to cerebral ischemia, the molecular and cellular inflammatory changes induced by
intracerebroventricular injection of interleukin-1� were not attenuated in CD36-null mice. The findings unveil a novel role of CD36 in
early molecular events leading to nuclear factor-�B activation and postischemic inflammation. Inhibition of CD36 signaling may be a
valuable therapeutic approach to counteract the deleterious effects of postischemic inflammation.
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Introduction
Stroke is a leading cause of death and disability worldwide
(American Heart Association, 2006). However, the only Food
and Drug Administration-approved medical treatment for stroke
is thrombolysis with tissue plasminogen activator (tPA) (for re-
view, see Khaja and Grotta, 2007). Unfortunately, tPA is most
effective and safe only when administered within 3 h after the
onset of symptoms, a requirement met in �25% of cases (Barber
et al., 2001; Reeves et al., 2006). In addition, because of exclusion
criteria and concerns for hemorrhagic complications, �5% of
stroke patients are treated with tPA (Heuschmann et al., 2003;
Reeves et al., 2006). Therefore, there is a pressing need for thera-
pies that can be administered at later times after ischemia.

Cerebral ischemia induces an inflammatory response in the
injured brain (Wang et al., 2007). In animals as in humans, isch-
emia produced by occlusion of the middle cerebral artery (MCA)
leads to adhesion of circulating leukocytes to cerebral endothelial
cells, which then migrate through the vessel wall and infiltrate the
damaged brain (Pozzilli et al., 1985; Barone et al., 1991; Akopov
et al., 1996; Lindsberg et al., 1996; Forster et al., 1999). At the

same time, astrocytes and microglia become activated (Ladeby et
al., 2005; Pekny and Nilsson, 2005). These cellular events are
driven by the expression of adhesion molecules and cytokines
initiated by the transcription factor nuclear factor-�B (NF-�B)
(Allan and Rothwell, 2001; Frijns and Kappelle, 2002;
Schwaninger et al., 2006; Wang et al., 2007). Although a large
number of studies have shown that suppression of postischemic
inflammation is beneficial in experimental stroke (Mehta et al.,
2007; Muir et al., 2007; Wang et al., 2007), initial therapeutic
efforts targeting adhesion molecules were not successful (Sugh-
rue et al., 2004). These failures have highlighted the complexities
of the immune response induced by cerebral ischemia and the
need to better understand the upstream pathways initiating in-
flammatory signaling (Wang et al., 2007).

The type-B scavenger receptor CD36 participates in multiple
cellular functions (Febbraio and Silverstein, 2007). In particular,
CD36 recognizes pathogen-associated molecular patterns and in-
duces an inflammatory response through activation of NF-�B
(Stuart et al., 2005; Triantafilou et al., 2006). CD36 is also in-
volved in the mechanisms of cerebral ischemia. Thus, MCA oc-
clusion upregulates CD36 in the ischemic brain, and CD36-null
mice have smaller infarcts and better neurological outcome after
focal ischemia (Cho et al., 2005). These observations raise the
possibility that CD36 recognizes tissue injury signals after cere-
bral ischemia and initiates inflammatory gene expression.

Therefore, we examined whether CD36 contributes to the
mechanisms of the inflammatory reaction associated with cere-
bral ischemia. We found that CD36 is required for the full expres-
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sion of the NF-�B activation produced by
cerebral ischemia and for the attendant in-
flammatory response. The participation of
CD36 is restricted to the inflammation as-
sociated with cerebral ischemia and is not
observed in the neuroinflammation in-
duced by interleukin-1� (IL-1�). Thus,
CD36 is involved in key molecular events
underlying postischemic inflammation
and could be a valuable therapeutic target
for ischemic stroke.

Materials and Methods
Animals. All experimental procedures were ap-
proved by the Institutional Animal Care and
Use Committee of Weill Cornell Medical Col-
lege. Experiments were performed in 2- to
3-month-old male CD36-null mice (Febbraio et
al., 1999), mice lacking the Nox-2 subunit of
NADPH oxidase (Pollock et al., 1995), and
C57BL/6 wild-type controls, weighing 20 –22 g.
CD36 and Nox-2-null mice were obtained from
in-house colonies (Park et al., 2004; Cho et al.,
2005) and were congenic with the C57BL/6
strain. It has been previously demonstrated that
the reduction in stroke volume in CD36 and
Nox-2-null mice cannot be attributed to sys-
temic effects or effects on cerebrovascular regu-
lation (Walder et al., 1997; Park et al., 2004; Cho
et al., 2005).

Transient middle cerebral artery occlusion.
Procedures for MCA occlusion have previously
been published (Cho et al., 2005; Kawano et al.,
2006; Kunz et al., 2007b), and are only summa-
rized here. Mice were anesthetized with a mix-
ture of isoflurane (1.5–2%), oxygen, and nitro-
gen. A fiber optic probe was glued to the parietal
bone 2 mm posterior and 5 mm lateral to
bregma, and connected to a laser-Doppler flow-
meter (Periflux System 5000; Perimed, Järfälla,
Sweden) for continuous monitoring of cerebral
blood flow (CBF). For MCA occlusion, a heat-
blunted monofilament surgical suture (6-0) was inserted into the ex-
posed external carotid artery, advanced into the internal carotid artery,
and wedged into the circle of Willis to obstruct the origin of the MCA.
The filament was left in place for 30 min and then withdrawn. Only
animals that exhibited a reduction in CBF �85% during MCA occlusion
and a CBF recovery by �80% after 10 min of reperfusion were included
in the study (Cho et al., 2005; Kunz et al., 2007b). The mice that did not
meet these criteria were distributed equally among the groups studied
and ranged from 0 to 2 per group. This procedure leads to reproducible
infarcts similar in size and distribution to those reported by others using
transient MCA occlusion of comparable duration (Plesnila et al., 2001;
Borsello et al., 2003). Rectal temperature was monitored and kept con-
stant (37.0 � 0.5°C) during the surgical procedure and in the recovery
period until the animals regained full consciousness.

Drug treatments. Mice were randomly assigned to vehicle or treatment
groups. The inducible nitric oxide synthase (iNOS) inhibitor aminogua-
nidine (AG) (100 mg/kg, i.p.; Sigma-Aldrich, St. Louis, MO) was admin-
istered 6 h after reperfusion and, thereafter, twice per day at days 1 and 2,
and once at day 3. The cyclooxygenase-2 (COX-2) inhibitor NS398 (10
mg/kg in H2O, i.p.; Cayman Chemical, Ann Arbor, MI) was given 10 min
and 6 h after reperfusion, and, thereafter, twice per day at days 1 and 2,
and once at day 3. We have previously demonstrated that these admin-
istration protocols for AG or NS398 reduce postischemic iNOS or
COX-2 activity, respectively, and attenuate infarct volume after focal
cerebral ischemia without altering arterial pressure, blood gases, blood
glucose, CBF, or body temperature (Iadecola et al., 1995; Zhang et al.,

1996a; Nogawa et al., 1997; Zhang and Iadecola, 1998; Nagayama et al.,
1999).

Infarct volume measurement. As described in detail previously (Cho et
al., 2005; Kawano et al., 2006; Kunz et al., 2007b), mice were killed 72 h
after reperfusion, and their brains were removed, frozen, and sectioned
(thickness 30 �m) in a cryostat. Brain sections were collected at 600 �m
intervals throughout the ischemic lesion and stained with thionine. In-
farct volume was determined using an image analyzer (MCID; Imaging
Research, St. Catharines, Ontario, Canada). To eliminate the contribu-
tion of postischemic edema to the volume of injury, values were cor-
rected for swelling according to the method of Lin et al. (1993) as previ-
ously described (Zhang and Iadecola, 1994).

Intracerebroventricular injection of interleukin-1�. Mice were anesthe-
tized and placed in a stereotaxic apparatus (David Kopf Instruments,
Tujunga, CA). After drilling a small hole in the left parietal bone (coor-
dinates: 0.1 mm posterior to bregma and 0.9 mm lateral from midline), a
Hamilton syringe (Hamilton, Reno, NV) was lowered 3.1 mm below the
brain surface, and IL-1� (20 ng in 4 �l) (Cell Sciences, Canton, MA) or
vehicle (saline) was injected. The dose of IL-1� was selected based on
previous studies (Proescholdt et al., 2002; Ching et al., 2005), and its
effectiveness was confirmed in preliminary experiments. After the pro-
cedure, mice were allowed to recover and returned to their cages.

Real-time PCR. In some experiments, the mRNA for proinflammatory
genes was examined after focal cerebral ischemia and intracerebroven-
tricular injection of IL-1� using real-time PCR. The following genes were
studied: CD36, iNOS, COX-2, endothelial-leukocyte adhesion

Figure 1. Expression of mRNA for iNOS (A), COX-2 (B), ELAM-1 (C), ICAM-1 (D), Rac-2 (E), and Nox-2 (F ) 24 and 72 h after MCA
occlusion in CD36�/� mice, CD36�/� mice, and CD36�/� mice treated with the COX-2 inhibitor NS398. *p � 0.05 from
CD36�/�; n � 5 per group; ANOVA and Newman–Keuls test.
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molecule-1 (ELAM-1), intercellular adhesion molecule-1 (ICAM-1),
Rac-2, and Nox-2. The proteins encoded by these genes are well known to
be upregulated in the postischemic brain (Connolly et al., 1996; Zhang et
al., 1996b; Iadecola et al., 1997, 2001; Kunz et al., 2007a). Mice were killed
24 and 72 h after reperfusion of MCA occlusion or 3, 6, and 12 h after
intracerebroventricular injection of IL-1�, and their brains were re-
moved. The forebrain was sectioned in half, and the right (ischemic)
hemisphere after focal ischemia or the left hemisphere after intracerebro-
ventricular injection was frozen in liquid nitrogen. Total RNA was pre-
pared from the samples using Trizol reagent (Invitrogen, Carlsbad, CA).
Quantitative determination of gene expression levels, using a two-step
cycling protocol, was performed on Chromo 4 detector (Peltier Thermal
Cycler; MJ Research, Watertown, MA). Primers for iNOS (forward, 5�-
CAGCTGGGCTGTACAAACCTT-3�; reverse, 5�-CATTGGAAGT-
GAAGCGTTTCG-3�), COX-2 (forward, 5�-TGGTGCCTGGTCTGAT-
GATG-3�; reverse, 5�-GTGGTAACCGCTCAGGTGTTG-3�), ELAM-1
(forward, 5�-CTCACTCCTGACATCGTCCTC-3�; reverse, 5�-ACGT-
TGTAAGAAGGCACATGG-3�), ICAM-1 (forward, 5�-GCCTTGGTA-
GAGGTGACTGAG-3�; reverse, 5�-GACCGGAGCTGAAAAGTTGTA-
3�), Rac-2 (forward, 5�-GACACCATCGAGAAGCTGAAG-3�; reverse,
5�-GTGAGTGCAGAACATTCCAAGT-3�), Nox-2 (forward, 5�-CCA-
ACTGGGATAACGAGTTCA-3�; reverse, 5�-GAGAGTTTCAGCC-
AAGGCTTC-3�), CD36 (forward, 5�-TTTCCTCTGACATTTGCAG-
GTCTA-3�; reverse, 5�-AAAGGCATTGGCTGGAAGAA-3�), and the
mouse HPRT housekeeping gene (forward, 5�-AGTGTTGGATACAG-
GCCAGAC-3�; reverse, 5�-CGTGATTCAAATCCCTGAAGT-3�) were
purchased from Invitrogen. Two microliters of diluted cDNA (1:10)
were amplified by Platinum SYBR green qPCR supermix UDG (Invitro-
gen). The reactions were incubated at 50°C for 2 min and then at 95°C for
10 min. A PCR cycling protocol consisting of 15 s at 95°C and 1 min at

60°C for 45 cycles was required for quantification. Relative expression
levels were calculated by according to Livak and Schmittgen (2001).
Quantities of all targets in test samples were normalized to the mouse
HPRT housekeeping gene, and values were normalized to respective con-
trol samples of sham-treated CD36�/� mice.

Immunohistochemistry. Immunoreactivity for the neutrophil marker
myeloperoxidase (MPO), the astrocytic marker glial fibrillary acidic pro-
tein (GFAP), the macrophages/microglia marker F4/80, and CD36 were
examined. Seventy-two hours after MCA occlusion or 12 h after intrace-
rebroventricular injection, mice were anesthetized with sodium pento-
barbital (120 mg/kg, i.p.) and perfused transcardially with saline. Brains
were removed and frozen. Three consecutive brain sections (thickness,
14 �m) were cut and collected at the same rostrocaudal levels used for
determination of infarct volume. Sections were fixed in methanol or
Carnoy fixative, followed by permeabilization with Triton X-100. Sec-
tions processed for MPO immunohistochemistry were treated with
H2O2 to inhibit endogenous peroxidases. Sections were incubated over-
night with primary antibodies (MPO: 1:100, EMD Biosciences, La Jolla,
CA; GFAP: 1:1000, Sigma-Aldrich; F4/80: 1:200, AbD Serotec, Raleigh,
NC), followed by biotinylated secondary antibodies (MPO: 1:500, Santa
Cruz Biotechnology, Santa Cruz, CA; GFAP and F4/80: 1:500, Jackson
ImmunoResearch, West Grove, PA) at 25°C for 1 h. Sections were then
incubated with Vectastain Elite ABC kit (Vector Laboratories, Burlin-
game, CA), and the immunoreactivity was visualized with diaminoben-
zidine (ImmPACT DAB peroxidase substrate; Vector Laboratories). Fi-
nally, nuclei were counterstained with methyl green. The specificity of
the immunolabel was tested by omitting the primary antibody or by
preadsorption with the antigen as described previously (Forster et al.,
1999). For CD36 immunoreactivity, mice were perfused transcardially
with heparinized saline followed by Histochoice Tissue Fixative (Sigma-
Aldrich). Brains were removed, postfixed overnight, and placed in 30%
sucrose (Sigma-Aldrich) for 24 h. Sections were incubated with mono-
clonal anti-CD36 antibody (1:500; Cayman Chemical) followed by a
biotinylated secondary antibody (1:50; Sigma-Aldrich). The immuno-
complex was visualized as described above.

Quantification of neutrophil infiltration. Neutrophil infiltration is
widely used as a marker of postischemic inflammation (Frijns and Kap-
pelle, 2002). Mice were killed 72 h after reperfusion or 12 h after intrace-
rebroventricular injection, respectively. Three adjacent brain sections
were collected at 600 �m intervals, corresponding to the 15 brain levels
used for infarct size determination (�3.7 to 3.5 from bregma), and were
processed for MPO immunohistochemistry. Sections were examined un-
der a microscope, and MPO-positive cells were counted in the ischemic
hemisphere or in the hemisphere ipsilateral to the intracerebroventricu-
lar injection. The neutrophil counts for the three adjacent sections were
averaged and displayed as number of neutrophils/brain section or total
number of neutrophils/infarct. In infarcted brains, a regression analysis
correlating the number of neutrophils at each rostrocaudal level with the
area of the infarct was performed.

Electrophoretic mobility shift assay. In NF-�B activation studies, mice
were killed 4 h after ischemia-reperfusion or 1 h after intracerebroven-
tricular injection of IL-1�, and their brains were removed. These time
points were selected on the basis of previous studies on the time course of
NF-�B activation (Gabriel et al., 1999; Stephenson et al., 2000; Proe-
scholdt et al., 2002). The forebrain was sectioned in half, and the right
(ischemic) hemisphere after focal ischemia or the left (injected) hemi-
sphere after intracerebroventricular injection was sampled. The fresh
brain samples were soaked and homogenized in hypotonic buffer con-
taining 10 mM HEPES, pH 7.9, 1.5 mM MgCl2, 10 mM KCl, and 0.5 mM

DTT. Nuclei were collected by centrifugation and washed twice in hypo-
tonic buffer, and nuclear proteins were extracted in high-salt buffer con-
taining 20 mM HEPES, pH 7.9, 20% glycerol, 1.5 mM MgCl2, 800 mM

NaCl, 0.1 mM EDTA, pH 8, and 1 mM DTT. Electrophoretic mobility shift
assay (EMSA) was essentially performed as described previously
(Anrather et al., 1999). Briefly, 6 �g of nuclear extracts were incubated
for 30 min at room temperature with 60,000 cpm of double-stranded
purified �- 32P ATP-labeled Ig � light chain enhancer oligonucleotide
(5�-AGTTGAGGGACTTTCCCAGGC-3�) for 30 min. For competition,
either nonlabeled sense oligonucleotide or nonlabeled scrambled

Figure 2. Effect of the iNOS inhibitor AG (A) or the COX-2 inhibitor NS398 (B) on infarct
volume in CD36�/� and CD36�/� mice. *p � 0.05 from vehicle; n � 6 per group; t test.
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oligonucleotide (5�-ACAGTATCAAAGGC-
TCACATG-3�) was added. For the supershift
assay, 2 �g of mouse monoclonal p65 antibody
(clone F-6; Santa Cruz Biotechnology) was
added, and reactions were incubated on ice for
1 h. Protein–DNA complexes were separated on
5% Tris/glycine/EDTA polyacrylamide gels,
and bands were visualized by autoradiography.

Determination of reactive oxygen species pro-
duction. Reactive oxygen species (ROS) produc-
tion was determined using in vivo hydroethi-
dine microfluorography (Kondo et al., 1997), as
previously described (Cho et al., 2005; Kunz et
al., 2007a). Hydroethidine is a cell-permeable
dye that is oxidized to ethidium by superoxide
(Benov et al., 1998). Ethidium is trapped intra-
cellularly by intercalating with DNA (Rothe and
Valet, 1990). The fluorescence signal attribut-
able to ethidium reflects cumulative ROS pro-
duction during the period between administra-
tion of hydroethidine and killing of the animals.
Hydroethidine (10 mg/kg) was injected into the
jugular vein under isoflurane anesthesia 30 min
after MCA occlusion, and mice were killed 3.5 h
later. In experiments in which ROS production
was assessed in IL-1�-treated mice, animals
were killed 1 h after IL-1� injection. NF-�B-
binding activity is increased at these times after
ischemia or IL-1� injection (see Results). In
some experiments, the ROS scavenger
manganic(I–II)meso-tetrakis(4-benzoic acid)
porphyrin (MnTBAP; 100 �g/4 �l, i.c.v.) was
administered before MCA occlusion. Brains
were removed, frozen, and cut in a cryostat
(thickness, 20 �m), collected at 600 �m inter-
vals. The sections were analyzed with a Nikon
(Melville, NY) E800 fluorescence microscope
equipped with a custom filter set (Chroma
Technology, Rockingham, VT). Images were
acquired by a computer-controlled digital
monochrome camera (Coolsnap; Roper Scien-
tific, Trenton, NJ) attached to the microscope.
The analysis of ROS production was performed in a blinded manner
using the IPLab software package (Scanalytics, Fairfax, VA) (Cho et al.,
2005; Kunz et al., 2007a). After subtracting the camera dark current, pixel
intensities of ethidium signals were assessed in the ischemic territory.
Fluorescence intensities were measured in five serial sections per animal
(rostrocaudal levels �1.6, �1.0, �0.4, �0.2, and �0.8 mm from
bregma). The sum of the fluorescence intensity for each region was di-
vided by the total number of pixels analyzed and expressed as relative
fluorescence units (RFU) (Cho et al., 2005; Kunz et al., 2007a).

Statistical analysis. Data are presented as mean � SEM. Comparisons
between two groups were statistically evaluated by the Student’s t test.
Multiple comparisons were evaluated by ANOVA followed by Newman–
Keuls multiple comparison test. Differences were considered significant
at p � 0.05.

Results
Postischemic inflammatory gene expression is attenuated in
CD36�/� mice
First, we used CD36�/� mice to examine whether CD36 is
needed for the upregulation of NF-�B-dependent transcripts af-
ter focal cerebral ischemia. These include iNOS, COX-2,
ICAM-1, ELAM-1, and the NADPH oxidase subunit Nox-2
(Connolly et al., 1996; Zhang et al., 1996b; Iadecola et al., 1997,
2001; Kunz et al., 2007a). The neutrophil marker Rac-2 was also
studied. In CD36�/� mice, MCA occlusion upregulated iNOS,
COX-2, ICAM-1, ELAM-1, Rac-2, and Nox-2 mRNA (n � 5 per

group) (Fig. 1A–F). Focal ischemia also increased CD36 expres-
sion (supplemental Fig. 1, available at www.jneurosci.org as sup-
plemental material). In contrast to CD36�/� mice, in
CD36�/� mice (n � 5 per group), the expression of iNOS,
ELAM-1, ICAM-1, Rac-2, and Nox-2 was markedly attenuated
(Fig. 1A,C–F), whereas COX-2 expression was only slightly re-
duced at 72 h (Fig. 1B).

The volume of the infarct produced by MCA occlusion is
smaller in CD36�/� than in CD36�/� mice (Cho et al., 2005)
(Fig. 2A). To determine whether the attenuation in iNOS,
ELAM-1, ICAM-1, Rac-2, and Nox-2 was a consequence of the
reduction in infarct volume, we examined CD36�/� mice
treated with the COX-2 inhibitor NS398. NS398 reduced infarct
volume to a value comparable with that of CD36�/� mice (Kunz
et al., 2007a) (Fig. 2B). However, NS398 did not alter postisch-
emic mRNA expression for COX-2, ELAM-1, ICAM-1, Rac-2,
Nox-2, and CD36, although a small and transient reduction of
iNOS was observed at 24 h (Fig. 1A–F; supplemental Fig. 1B,
available at www.jneurosci.org as supplemental material). Fur-
thermore, the pattern of gene expression in the ischemic brain of
Nox-2-null mice, which also have smaller infarcts (Kunz et al.,
2007a), was different from that of CD36�/� mice (Fig. 3A–E).
Therefore, the attenuation in the expression of inflammation-
related genes in CD36�/� mice cannot be attributed to the re-
duction in the size of the infarct.

Figure 3. Expression of mRNA for iNOS (A), COX-2 (B) ELAM-1 (C), ICAM-1 (D), and Rac-2 (E) 24 and 72 h after MCA occlusion
in Nox-2�/� or �/� mice. *p � 0.05 from Nox-2�/�; n � 5 per group; ANOVA and Newman–Keuls test.
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The cellular inflammatory reaction associated with cerebral
ischemia is attenuated in CD36�/� mice
In CD36�/� mice, there were abundant GFAP-positive astro-
cytes surrounding the infarcted area 72 h after ischemia (Fig.
4Aa). At this time, there also was marked microglial activation as
detected by the microglia/macrophage marker F4/80 (Fig. 4Ad).
Abundant MPO-positive neutrophils were observed through the
infarcted hemisphere (Fig. 4Ag), the neutrophil infiltration being
greater at the rostrocaudal levels where the infarct was larger (Fig.
4B). In CD36�/� mice, the astrocytic and microglial activation
were markedly attenuated (Fig. 4Ab,Ae) and the total number of
infiltrating neutrophils was reduced by 86% (CD36�/�: 1938 �
296; CD36�/�: 281 � 92; p � 0.05; n � 5 per group) (Fig.
4Ah,B). In contrast, in CD36�/� mice treated with NS398 the
astrocytic response was not affected, and the microglial activation
was only slightly attenuated compared with untreated mice (Fig.
4Ac,Af). The attenuation in neutrophil infiltration induced by
NS398 was much less than that observed in CD36�/� mice
(�38%; total neutrophils: 1199 � 176; p � 0.05 from CD36�/�

mice; n � 5 per group) (Fig. 4Ai,B). To
determine whether the reduction in neu-
trophil infiltration in CD36�/� mice was
commensurate with the reduction in in-
farct size, a linear regression analysis was
performed between the number of neutro-
phils at each rostrocaudal level and the cor-
responding infarct area. There was a linear
relationship between number of neutro-
phils and infarct area (Fig. 4C) (R 2 � 0.95;
p � 0.05; n � 14). However, the slope of
the regression line in CD36�/� mice
(6.9 � 0.8) was lower than that of
CD36�/� mice (11.4 � 0.8; p � 0.05),
indicating that the reduction in neutro-
phils was greater than anticipated from the
smaller size of the infarct. In contrast, in
CD36�/� mice treated with NS398, the
slope of the regression line overlapped with
that of untreated mice (11.5 � 0.9; p �
0.05) (Fig. 4C), indicating that the reduc-
tion in the number of neutrophils was pro-
portional to the reduction in infarct size.

iNOS inhibition does not reduce infarct
volume in CD36�/� mice
We then sought to provide evidence that
the attenuation in inflammation was re-
sponsible for the reduced injury volume in
CD36�/� mice. We reasoned that, if post-
ischemic inflammation is attenuated in
CD36�/� mice, then agents that reduce
infarct volume by counteracting the de-
structive actions of inflammation should
not be effective in CD36�/� mice. iNOS is
a major effector of the tissue damage pro-
duced by inflammation (Iadecola et al.,
1995, 1997; Loihl et al., 1999; Parmentier et
al., 1999), and its expression is suppressed
in CD36�/� mice (Fig. 1A). Therefore, we
examined the effects of the iNOS inhibitor
AG in CD36�/� mice. AG attenuated the
volume of the infarct in CD36�/� ( p �
0.05; n � 6 per group), but not in

CD36�/� mice ( p � 0.05) (Fig. 2A). In contrast, the COX-2
inhibitor NS398 attenuated the lesion in CD36�/� mice ( p �
0.05; n � 6 per group) (Fig. 2B). Therefore, COX-2 inhibition,
but not iNOS inhibition, attenuates infarct volume in CD36-null
mice. The observation that COX-2 inhibition reduced infarct
volume in CD36-null mice attests to the fact that CD36 and
COX-2 contribute to ischemic injury through different patho-
genic mechanisms.

Intracerebroventricular injection of IL-1� induces
neuroinflammation in CD36�/� mice
The attenuated inflammatory reaction after cerebral ischemia in
CD36�/� mice could reflect a generalized anti-inflammatory
phenotype conferred by inactivation of this scavenger receptor.
To address this issue, we used a model of neuroinflammation
produced by intracerebroventricular injection of IL-1� (Proe-
scholdt et al., 2002; Ching et al., 2005). In CD36�/� mice, IL-1�
upregulated iNOS, COX-2, ELAM-1, ICAM-1, Rac-2, and Nox-2
mRNA ( p � 0.05; n � 5 per group) (Fig. 5A–F). In addition,

Figure 4. Cellular inflammatory reaction 72 h after MCA occlusion. A, GFAP (a– c), F4/80 (d–f ), and MPO (g–i) in CD36�/�
(a, d, g), CD36�/� (b, e, h), and CD36�/� mice treated with the COX-2 inhibitor NS398 (c, f, i). Images were taken at the
medial border zone of the cortical infarct. Scale bar, 50 �m. B, Rostrocaudal distribution of neutrophils throughout the infarct.
*p � 0.05 from CD36�/� mice; #p � 0.05 from CD36�/� and CD36�/� mice treated with NS398; n � 5 per group;
ANOVA and Newman–Keuls test. C, Linear regression analysis between the infarct area at each rostrocaudal level depicted in B
and the number of neutrophils at that level. The dashed line represents the correlation between infarct area and neutrophils in
CD36�/� mice. The red line represents the regression line correlating infarct area and neutrophils in CD36�/� mice. Note
that the points pertaining to CD36�/� mice treated with NS398 overlap with the line of CD36�/� mice.
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IL-1� induced astrocytic activation, neu-
trophil infiltration, and a modest activa-
tion of microglia (Fig. 6A). These changes
were comparable with those reported pre-
viously (Proescholdt et al., 2002), and were
observed in the periventricular regions of
the forebrain and along the injection nee-
dle track (Fig. 6B). The upregulation of in-
flammatory genes induced by IL-1� did
not differ between CD36�/� and �/�
mice ( p � 0.05), with the exception of
Nox-2, which was reduced in the nulls (Fig.
5F). The astrocytic and microglial activa-
tion did not differ between CD36�/� and
�/� mice, but the neutrophil infiltration
was more marked in CD36�/� mice, al-
though the increase reached statistical sig-
nificance only at one rostrocaudal level
(Fig. 6A–C) (n � 5 per group). Therefore,
IL-1� is able to induce a robust neuroin-
flammatory response in CD36-null mice.

NF-�B activation is suppressed in
CD36�/� mice after stroke, but not
IL-1� injection
NF-�B is the major transcription factor
driving the postischemic expression of in-
flammatory genes (Schwaninger et al.,
2006; Wang et al., 2007). Therefore, we ex-
amined the in vitro binding activity of this
transcription factor in CD36�/� and
�/� mice using EMSA. In agreement with
previous reports (Gabriel et al., 1999; Ste-
phenson et al., 2000; Proescholdt et al.,
2002), in wild-type mice MCA occlusion
or intracerebroventricular injection of
IL-1� increased NF-�B DNA binding ac-
tivity in the affected brain (Fig. 7A,B).
Specificity of the reaction was ensured by
competition with a nonlabeled sense Ig �
light chain enhancer oligonucleotide, which led to complete loss
of the signal, whereas addition of unlabeled scrambled probe had
no effect. Supershift assays with a p65-specific antibody demon-
strated presence of p65 in the NF-�B binding complex (Fig. 7C).
In CD36�/� mice, postischemic NF-�B binding activity was
attenuated (Fig. 7A). However, a comparable attenuation was not
observed in CD36�/� mice in which the infarct was reduced by
treatment with NS398 (Fig. 7A). Moreover, in contrast with MCA
occlusion, the NF-�B activation produced by intracerebroven-
tricular injection of IL-1� did not differ between CD36�/� and
�/� mice (Fig. 7B).

Role of reactive oxygen species in NF-�B activation
CD36-null mice have a reduced ROS production after MCA oc-
clusion (Cho et al., 2005), which could play a role in the postisch-
emic attenuation of NF-�B binding activity, a redox-sensitive
transcription factor (Hayden and Ghosh, 2004). Therefore, we
explored whether ROS are required for the NF-�B activation
induced by cerebral ischemia or IL-1� injection. Administration
of the ROS scavenger MnTBAP blocked postischemic ROS pro-
duction (Fig. 7D) ( p � 0.05 from sham; p � 0.05 from vehicle;
n � 5 per group), but failed to reduce NF-�B binding activity to
a level comparable with that observed in CD36-null mice (Fig.

7E). On the other hand, intracerebroventricular injection of
IL-1� did not increase ROS production (vehicle: 18.7 � 1.7 RFU;
IL-1�: 18.9 � 1.1; p � 0.05; n � 4 per group), but it markedly
increased NF-�B binding activity (Fig. 7B).

Discussion
We have demonstrated that CD36-null mice have a reduced in-
flammatory response to focal cerebral ischemia. Thus, the expres-
sion of iNOS, ICAM-1, ELAM-1, Rac-2, and Nox-2 was markedly
attenuated in CD36�/� mice after MCA occlusion, but not after
IL-1�-induced neuroinflammation. These molecular changes
were associated with a substantial attenuation of the glial activa-
tion and neutrophil infiltration evoked by cerebral ischemia, well
established cellular markers of postischemic inflammation. Ad-
ministration of the iNOS inhibitor AG did not reduce infarct
volume in CD36-null mice, suggesting that the protective effect
conferred by CD36 deficiency is partly attributable to suppres-
sion of iNOS expression. In contrast, inhibition of COX-2, an
enzyme whose expression was not attenuated by CD36 deletion,
reduced the damage in CD36-null mice. Next, we investigated the
molecular substrates of the reduced inflammatory response to
cerebral ischemia in CD36-null mice. We found that the post-
ischemic activation of NF-�B, a key transcription factor coordi-

Figure 5. Expression of mRNA for iNOS (A), COX-2 (B), ELAM-1 (C), ICAM-1 (D), Rac-2 (E), and Nox-2 (F ) 3, 6, and 12 h after
intracerebroventricular injection of IL-1�. Sham mice were prepared for injection of IL-1�, but the skull was not drilled and the
needle was not inserted. Saline mice received an injection of vehicle (saline). *p � 0.05 from CD36�/�; n � 5 per group;
ANOVA and Newman–Keuls test.
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nating gene expression after ischemia (Schwaninger et al., 2006),
is reduced in CD36-null mice. In contrast, brain NF-�B activa-
tion was not attenuated after intracerebroventricular injection of
IL-1�. These observations, collectively, demonstrate that CD36 is
specifically required for the full expression of the NF-�B activa-
tion induced by cerebral ischemia and for the attendant inflam-
matory response.

The intensity of the inflammatory reaction is related to the size
of the ischemic lesion, so that small infarcts have less inflamma-
tion than large infarcts (Akopov et al., 1996). Therefore, the at-
tenuation in brain inflammation in CD36-null mice could be a
consequence of the reduced infarct size. However, this is not the
case, because NS398 produced a reduction in infarct volume
comparable with that observed in CD36-null mice, but did not
mimic the attenuation in inflammatory gene expression observed
in CD36 nulls. Similarly, the attenuation in infiltrating neutro-
phil observed with NS398 was commensurate with the reduction
in infarct size, whereas in CD36 nulls neutrophil infiltration was
suppressed more than expected on the basis of the reduction in
infarct size. Such attenuation in neutrophil infiltration is not
attributable to a global failure of neutrophil migration across the
blood– brain barrier, because intracerebroventricular injection
of IL-1� induced a strong neutrophil response in CD36-null
mice. These observations demonstrate that the attenuation in the
inflammatory response in CD36-null mice cannot be attributed
to secondary effects of the reduction in infarct size or to a gener-

alized inability to mount an inflammatory
response. Rather, the findings reinforce the
conclusion that CD36 is specifically in-
volved in the molecular events leading to
NF-�B activation and inflammation after
focal cerebral ischemia.

Increasing evidence suggests that
NF-�B plays a crucial role in postischemic
gene expression and ischemic brain injury
(Schwaninger et al., 2006). NF-�B is cen-
tral to the expression of critical adaptive
responses in multiple cell types, especially
those of the immune system (Hayden and
Ghosh, 2004). Cerebral ischemia leads to
NF-�B activation in neurons, astrocytes,
microglia, and infiltrating inflammatory
cells (Gabriel et al., 1999; Schneider et al.,
1999; Stephenson et al., 2000; Nurmi et al.,
2004). Mice with a null mutation of the
NF-�B subunit p50 have a smaller infarct
after MCA occlusion (Schneider et al.,
1999). Furthermore, mice deficient in
IKK2, a kinase required for NF-�B activa-
tion, are less susceptible to focal cerebral
ischemia (Herrmann et al., 2005). NF-�B
activation in the early stages of cerebral
ischemia triggers a more protracted series
of molecular events that leads to a cellular
inflammatory response lasting several
days. Although several global stimuli could
potentially activate NF-�B after cerebral
ischemia, including the neurotransmitter
glutamate, free radicals, or hypoxia
(Schwaninger et al., 2006), no specific sig-
naling mechanism has been identified.
Thus, CD36 is the first receptor demon-
strated to be necessary for the full expres-

sion of postischemic NF-�B activation. The involvement of
CD36 is remarkably specific for the NF-�B activation induced by
cerebral ischemia, because CD36 is not required for the activation
of NF-�B induced by IL-1�.

What are the mechanisms triggering CD36 activation in cere-
bral ischemia? CD36 binds a wide variety of molecules, including
modified lipids, amyloid-�, thrombospondin-1, and advanced
glycation endproducts (Febbraio and Silverstein, 2007). In brain,
CD36 is expressed mainly in microglia and endothelial cells and is
upregulated after cerebral ischemia (Cho et al., 2005). Therefore,
ligands generated in blood or brain could have access to cells
expressing CD36. The ligands mediating CD36 activation in isch-
emia have not been identified. Thrombospondin-1 is unlikely to
be involved, because this protein is upregulated relatively late
after focal cerebral ischemia (Hayashi et al., 2003). On the other
hand, cerebral ischemia is well known to produce numerous spe-
cies of modified lipids (Adibhatla et al., 2006). For example, mod-
ified low-density lipoprotein (LDL), such as oxidized LDL, is
formed after cerebral ischemia and could activate CD36 (Uno et
al., 2003; Shie et al., 2004; Vibo et al., 2007). In addition, hypoxia
has been reported to produce diacylglyceride, a CD36 ligand that
is involved in inflammatory signaling via toll-like receptors 2/6
(TLR2/6; see below) (Bruder et al., 2005; Hoebe et al., 2005).
Therefore, ischemia has the potential of generating several CD36
ligands that could play a role in postischemic CD36 signaling.

Another question concerns the molecular pathways linking

Figure 6. Cellular inflammatory reaction 24 h after intracerebroventricular injection of IL-1�. A, GFAP (a– d), F4/80 (e– h),
and MPO (i–l ) in CD36�/� mice treated with saline (a, e, i), CD36�/� mice treated with IL-1� (b, f, j), CD36�/� mice
treated with saline (c, g, k), and CD36�/� mice treated with IL-1� (d, h, l ). Images were taken in the periventricular region of
the striatum. Arrows in e– h indicate F4/80-positive cells. Scale bar, 50 �m. B, Rostrocaudal distribution of neutrophils through-
out the periventricular regions of the forebrain. *p � 0.05 from CD36�/� mice treated with IL-1�; n � 5 per group; ANOVA
and Newman–Keuls test. C, Total number of neutrophils in the brain of mice treated with IL-1�. *p � 0.05 from saline; t test.
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CD36 to NF-�B activation. The free radical
production induced by cerebral ischemia is
attenuated in CD36�/� mice (Cho et al.,
2005). Because NF-�B is a redox-sensitive
transcription factor (Hayden and Ghosh,
2004), it is possible that the attenuation in
NF-�B observed in CD36�/� mice is re-
lated to the reduced oxidative stress in
these mice. However, this possibility seems
unlikely, because we have shown here that
the antioxidant MnTBAP suppresses ROS
production after cerebral ischemia, but it
does not attenuate NF-�B binding activity.
In contrast, in CD36-null mice, in which
ROS production is also attenuated (Cho et
al., 2005), NF-�B binding activity is mark-
edly suppressed. Therefore, the reduced
NF-�B activation observed in CD36-null
mice cannot be attributed solely to reduced
oxidative stress. Conversely, IL-1� induces
NF-�B activation without increasing
ROSs. These observations suggest that in
ischemia or IL-1�-induced neuroinflam-
mation, ROSs are not required for the ac-
tivation of NF-�B. On the other hand, re-
cent data suggest that CD36 forms a
signaling complex with TLR2/6 that acti-
vates NF-�B in response to bacterial wall
components (Hoebe et al., 2005; Stuart et
al., 2005; Triantafilou et al., 2006). There-
fore, it is conceivable that also in cerebral
ischemia CD36 could form a receptor
complex with TLR2/6, and activate NF-�B
through the canonical pathway. This pos-
sibility is reinforced by the observation that
mice deficient in TLR2 signaling are protected from cerebral isch-
emia (Ziegler et al., 2007; Tang et al., 2007). Future studies will
have to address the role of TLR2/6 and their association with
CD36 in the setting of ischemic brain injury and, possibly, other
brain pathologies as well.

In conclusion, we have demonstrated that CD36-null mice
have a profound attenuation in the molecular and cellular
inflammatory response induced by focal cerebral ischemia.
This effect is attributable to a role of CD36 in NF-�B activa-
tion in the setting of cerebral ischemia, but not in the neuroin-
flammation induced by intracerebroventricular injection of
IL-1�. Attenuation of the damage produced by postischemic
inflammation contributes to the neuroprotection observed in
CD36-null mice. The present study raises the possibility that
CD36 acts as a sensor for specific tissue injury signals gener-
ated during the early stages of cerebral ischemia. The CD36-
dependent NF-�B activation triggers proinflammatory signal-
ing that contributes to the inflammatory response associated
with cerebral ischemia. Therefore, the findings unveil a previ-
ously unrecognized role of CD36 in the NF-�B activation and
inflammatory response associated with cerebral ischemia.
CD36, alone or in a complex with TLR2/6, may be a promising
target for suppressing the tissue damage initiated by postisch-
emic inflammation.
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