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Toll-Like Receptor 4 Is Involved in Brain Damage and
Inflammation After Experimental Stroke

Javier R. Caso, BSc*; Jesús M. Pradillo, BSc*; Olivia Hurtado, PhD; Pedro Lorenzo, MD, PhD;
María A. Moro, PhD; Ignacio Lizasoain, MD, PhD

Background—Stroke is the second to third leading cause of death. Toll-like receptor 4 (TLR4) is a signaling receptor in
innate immunity that is a specific immunologic response to systemic bacterial infection and cerebral injury. The role of
TLR4 in brain ischemia has not been examined yet. We have therefore investigated whether cerebral ischemia and
inflammation produced by permanent occlusion of the middle cerebral artery differ in mice that lack a functional TLR4
signaling pathway.

Methods and Results—Permanent occlusion of the middle cerebral artery was performed on 2 strains of
TLR4-deficient mice (C3H/HeJ and C57BL/10ScNJ) and respective controls (C3H/HeN and C57BL/10ScSn).
Stroke outcome was evaluated by determination of infarct volume and assessment of neurological scores. Brains
were collected 24 hours and 7 days after stroke. When compared with control mice, TLR4-deficient mice had lower
infarct volumes and better outcomes in neurological and behavioral tests. Mice that lacked TLR4 had minor
expression of stroke-induced interferon regulatory factor-1, inducible nitric oxide synthase, and cyclooxygenase-2,
mediators implicated in brain damage. The levels of interferon-� and of the lipid peroxidation marker
malondialdehyde were also lower in brains from TLR4-deficient mice than in those from control mice. In addition,
the expression of matrix metalloproteinase-9, which is induced and mediates brain damage, was also reduced in
TLR4-deficient mice after experimental stroke.

Conclusions—TLR4-deficient mice have minor infarctions and less inflammatory response after an ischemic insult. These
data demonstrate that TLR4 signaling and innate immunity are involved in brain damage and in inflammation triggered
by ischemic injury. (Circulation. 2007;115:1599-1608.)

Key Words cerebral ischemia � immune system � infection � inflammation � metalloproteinases
� nitric oxide synthase � stroke

Stroke is the second to third leading cause of death and the
main cause of severe long-term disability in adults. In

spite of this, treatment is often limited to fibrinolysis, a
therapy useful to a very low percentage of patients. There-
fore, the need for new therapeutic strategies is imperative.
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It has been mentioned that inflammation and infection
processes are important in the pathology of stroke. First,
cerebral ischemia evokes a strong inflammatory response
characterized by activation and release of cytokines, che-
mokines, adhesion molecules, and proteolytic enzymes
that exacerbate tissue damage. This inflammatory response
is associated with an active gene expression of
inflammatory-related genes.1,2 In humans, it has been
demonstrated that increased levels of proinflammatory
cytokines are related to a greater extent of cerebral infarct
and poorer clinical outcome in patients with ischemic

stroke3 and that inflammatory markers (leukocytes, fibrin-
ogen, C-reactive protein) are independent predictors of
ischemic stroke.4 In addition, ischemic tissue damage can
be reduced in experimental models by a variety of antiin-
flammatory agents. Such antiinflammatory strategies have
proven disappointing in clinical practice, however. Fur-
thermore, previous studies have demonstrated that chronic
infections (mainly infection with Chlamydia pneumoniae
or Helicobacter pylori) might increase the risk of stroke;
however, the precise role of infection remains unclear.4,5

In this context, innate immunity is a specific immunologic
response not only to systemic bacterial infection but also to
cerebral injury.6,7 Activation of this innate immunity takes
place in the brain and utilizes toll-like receptors (TLRs).6

Human TLR4 was the first characterized mammalian TLR,8

but there are at least 10 distinct TLR family members.6,7,9

A role for TLR4 in stroke is suggested by several
observations. First, TLR4 is expressed in microglia and
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astrocytes after inflammation in the central nervous sys-
tem.10,11 Second, exogenous and endogenous mediators
that have been isolated after brain ischemia have been
identified as ligands of TLR4.9 Third, TLR4 activates nuclear
factor �-B signaling pathways linked to the transcription of
many proinflammatory genes that encode cytokines, chemo-
kines, proteins of the complement system, enzymes such as
inducible nitric oxide synthase (iNOS), cyclooxygenase-2
(COX-2), matrix metalloproteinase-9 (MMP-9) and adhesion
molecules,8 events that have been also demonstrated in brain
ischemia.1 Finally, mutations in the TLR4 gene have been
associated with risk of ischemic stroke and atherothrombosis
among some populations.12,13

We have therefore investigated whether cerebral ischemia
and inflammation produced by permanent occlusion of the
middle cerebral artery (pMCAO) differed in mice that lack a
functional TLR4 signaling pathway.

Methods
Animals
Adult male C3H and C57BL mice that weighed 28 to 30 g were used.
C3H/HeN, C3H/HeJ, C57BL/10ScNJ (former name C57BL/
10ScCr), and C57BL/10ScSn mice were from The Jackson Labora-
tory (Bar Harbor, Me). The murine strains C3H/HeJ and C57BL/
10ScNJ do not express functional TLR4; whereas C3H/HeJ mouse
represents a point mutation, C57BL/10ScNJ represents a deletion of
the TLR4 gene.14 C3H/HeN and C57BL/10ScSn substrains do not
express the mutation and are considered as control groups. All
experimental protocols adhered to the guidelines of the Animal
Welfare Committee of the Universidad Complutense (in accordance
with DC 86/609/EU). Mice were housed under standard conditions
of temperature and humidity, with a 12-hour light/dark cycle and free
access to food and water.

Induction of Focal Cerebral Ischemia
Mice were anesthetized with 5% isoflurane (in 70%N2O, 30%O2) for
induction and 1.5% isoflurane for maintenance. The rectal temper-
ature was maintained with a heating pad at 37°C. The middle
cerebral artery (MCA) was exposed and occluded permanently by
electrocoagulation.15 Two groups of C3H/HeN mice were treated
with 20 and 40 mg/kg N-(3-(aminomethyl)benzyl) acetamidine
(1400W, a specific iNOS inhibitor, donated by GlaxoSmithKline,
Stevenage, Herts, UK) at 8-hour intervals by an intraperitoneal
injection volume of 0.25 mL/100 g body weight during 1 day after
MCAO (n�6), according to previous data.16 A group of C3H/HeN
mice was also treated with 10 mg/kg NS398 (a COX-2 inhibitor).
NS398 was administered intraperitoneally 3 times; 1 hour before, 1
hour after, and 6 hours after MCAO (n�6), as previously
described.17

Infarct Size
Brains were removed 24 hours and 7 days after MCAO, and cut into
7 coronal brain slices 1 mm thick (Brain Matrix, WPI-Europe, Aston,
Stevenage, UK), which were stained in 1% TTC (2,3,5-triphenyl-
tetrazolium chloride) in 0.1 mol/L phosphate buffer, and infarct size
and volumes (mm3) were determined as we have previously
described.16

Neurological and Behavioral Characterization
Before euthanization, neurological and behavioral deficits were
measured as previously described18,19 according to a graded scoring
system. Each animal was scored for each of the outcomes for
approximately 1 minute, and assessment was repeated a further 3
times for consistency. Scores of 0 correspond to a normal neurolog-
ical status, and lower scores correspond to a behavioral deficit.

Lipid Peroxidation
Lipid peroxidation was measured by the thiobarbituric acid test for
malondialdehyde in accordance with the method described by Das
and Ratty.20 The pink chromogen was measured at 532 nm in a
Beckman DU-7500 spectrophotometer.

Protein Expression in Brain Homogenates and in
Cytosolic and Nuclear Extracts
Brain cortical tissue was collected from the infarcted and surround-
ing areas. For determination of iNOS, COX-2, and interferon
regulatory factor 1 (IRF-1) protein expression levels, mice were
euthanized 24 hours after MCAO. Brain areas that corresponded to
the infarct and surrounding area were collected and homogenized as
previously described.21 IRF-1 was determined in cytosolic and
nuclear extracts that were prepared as described21 and obtained from
brains of mice euthanized 24 hours after MCAO.

Western Blot Analysis
Samples that contained 40 �g of protein were loaded, and the
proteins were size-separated in 7% to 10% SDS-polyacrylamide
gel electrophoresis (110 mA). Proteins were blotted onto a PVDF
membrane (Hybond-P, Amersham Biosciences Europe GmbH,
Freiburg, Germany) and incubated with specific primary antibod-
ies against iNOS (Santa Cruz Biotechnology, Inc, Santa Cruz,
Calif; 1:500), COX-2, and IRF-1 (Santa Cruz Biotechnology, Inc,
1:1000). Proteins recognized by the antibody were revealed by the
ECL kit according to manufacturer instructions (Amersham
Biosciences). The results reflect data from 6 to 8 different blots
from 3 to 4 different animals. �-actin and Sp1 levels were used as
loading controls for cytosolic and nuclear protein expression,
respectively.

Brain NOx
- (NO2

- and NO3
-) Levels

NO production was estimated from the amounts of its stable
metabolites nitrite (NO2

-) and nitrate (NO3
-) in brain tissue, as found

by a colorimetric assay based on the Griess reaction22 in a Thermo-
max microplate reader (Molecular Devices, Sunnyvale, Calif).

Brain Prostaglandin E2 Levels
Brain prostaglandin E2 levels were determined in cortical homoge-
nates by an EIA kit (Amersham Biosciences) after sample purifica-
tion (Amprep minicolumns, Amersham Biosciences), according to
manufacturer instructions.

Gelatin Zymography
Gelatin zymography was performed as previously described.21 The
gelatinolytic activities were detected as transparent bands against the
background of Coomassie blue-stained gelatin. MMP-9 was identi-
fied by its molecular weight when compared with standards.

Brain Concentrations of Interleukin-1�, Tumor
Necrosis Factor-�, Interferon-�, Interferon-�,
and Interferon-�
Supernatants from brain homogenates were used for determination
with commercially available mouse ELISA kits (Biotrak ELISA
System, Amersham Biosciences, for interleukin-1�, TNF-�, and
IFN-�; R&D Systems, Minneapolis, Minn, for IFN-� and IFN-�,)
according to the manufacturer instructions.

Immunohistochemistry
Mice were anesthetized 24 hours after MCAO with sodium pento-
barbital and perfused through the left ventricle with 25 mL of 0.2
mol/L sodium phosphate buffer as a vascular rinse followed by 50
mL of fixative solution that contained 4% paraformaldehyde in 0.1
mol/L phosphate buffer, pH 7.4. The brains were removed, postfixed
for 4 hours in the same solution at room temperature, and then
cryoprotected by immersion overnight at 4°C in a 0.1 mol/L
phosphate buffer that contained 30% sucrose. Brains were frozen,
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and serial frontal sections were cut (8 �m thick) with a Leitz sledge
microtome. Sections were stained with hematoxylin and eosin to
assess abnormal brain morphology. For double immunofluorescence,
sections were acetone-permeabilized for 10 minutes at 4°C, and
washed in PBS that contained 3% BSA and 0.1% Triton X-100 for
30 minutes. Then sections were incubated in the primary antibody
for 1 hour at room temperature for each double-staining: anti-TLR4
(Santa Cruz Biotechnology, Inc; 1:10 dilution) and a mouse antineu-
ron nuclei antibody (NeuN, Chemicon, Temecula, Calif; 1:10 dilu-
tion) to identify neurons, a mouse anti–glial fibrillary acidic protein
antibody (Chemicon; 1:20 dilution) to identify astrocytes, and a
fluorescein-labeled tomato lectin (agglutinin from Lycopersicon
esculentum; 1:150 dilution) to characterize microglia, macrophages,
and endothelium. After sections were washed in PBS, they were
incubated in each respective secondary antibody for 1 hour. For
TLR4, Cy3-labeled goat anti-rabbit immunoglobulin G was used
(Amersham; 1:10 dilution; red color with fluorescence maximum at
670 nm); for NeuN and glial fibrillary acidic protein, the sections
were incubated with Cy2-labeled goat anti-mouse immunoglobulin
G (Amersham; 1:10 dilution; green color with fluorescence maxi-
mum at 506 nm). Visualization was performed under a fluorescence
microscope (Eclipse TE300, Nikon Corp., Tokyo, Japan) with Plan
Fluor �20/0.45 or �40/0.6 objectives and phase optics, a Nikon
B2A filter for fluorescein isothiocyanate, and Cy2 fluorescence or a
Nikon G2A filter for Cy3 fluorescence. The areas selected corre-
sponded to regions in the proximity to the occluded vessel from both
cortex and striatum. Each experiment was performed in duplicate

and repeated 3 times. Image acquisition was performed with a
laser-scanning confocal imaging system (MRC1024, BioRad, Hemp-
stead, UK).

Statistical Analysis
Results are expressed as mean�SEM of the indicated number of
experiments; statistical analysis involved one-way ANOVA (or the
Kruskal-Wallis test when the data were not normally distributed)
followed by individual comparisons of means (Student-Newman-
Keuls, or the Dunn method when the data were not normally
distributed). P�0.05 was considered statistically significant.

The authors had full access to and take full responsibility for the
integrity of the data. All authors have read and agree to the
manuscript as written.

Results
Infarct Outcome in TLR4-Deficient Mice
After pMCAO
Permanent MCAO was performed on C3H/HeJ (HeJ) and
C57BL/10ScNJ (ScNJ) mice, which lack expression of
TLR4, and on C3H/HeN (HeN) and C57BL/10ScSn (ScSn)
mice, which express TLR4 normally (control mice). TLR4-
deficient mice had significantly smaller infarct volume (Fig-
ure 1A and 1C) and infarct area (Figure 1B and 1D) 24 hours

Figure 1. Infarct outcome in TLR4-deficient mice after pMCAO performed on C3H/HeJ (HeJ) and C57BL/10ScNJ (ScNJ) mice, which
lack expression of TLR4, and on C3H/HeN (HeN) and C57BL/10ScSn (ScSn) mice, which express TLR4 normally (control mice). Infarct
volume (A and C) and area (B and D) were determined 24 hour after the insult. Data are mean�SEM; n�14; *P�0.05 versus HeN or
ScSn, respectively (see Methods). Photographs of brain slices from representative experiments.
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after ischemic injury when compared with control mice (25%
and 23% reductions, respectively; P�0.05). When infarct
volume was measured 7 days after occlusion, the decrease in
infarct size persisted (HeN: 33.1�3.0 versus HeJ:
24.5�0.4 mm3; ScSn: 29.8�0.6 versus ScNJ: 24.1�1.1 mm3;
26% and 19.5% reductions, respectively; P�0.05).

In addition, TLR4-deficient mice showed an improved
neurological and behavioral outcome (Table 1) after MCAO
when compared with control mice (P�0.05). When the tests
were determined 7 days after the insult, the improvement

persisted in both neurological (HeN�ScSn: 1.7 versus
HeJ�ScNJ: 1.0; P�0.05) and behavioral outcomes (HeN:
15.0 versus HeJ: 17.5; ScSn: 15.5 versus ScNJ: 17.5;
P�0.05).

Expression of iNOS and COX-2 in TLR4-Deficient
Mice After pMCAO
Expression of the enzymes iNOS (Figure 2A and 2C) and
COX-2 (Figure 2B and 2D) was studied, as both are described to
mediate inflammatory damage after stroke.1 MCAO caused

Neurological and Behavioral Status of TLR4-Deficient Mice [C3H/HeJ (HeJ); C57BL/10ScNJ
(ScNJ)] Exposed to pMCAO

Control (HeN�HeJ)
(ScSn�ScNJ)

MCAO C3H
HeN

MCAO C3H
HeJ

MCAO C57BL
ScSn

MCAO C57BL
ScNJ

Neurological score (points)

No deficit (0) 12 of 14 0 of 14 1 of 14 0 of 7 0 of 7

Flexion (1) 2 of 14 3 of 14 11 of 14 2 of 7 7 of 7

Circling (2) 0 of 14 11 of 14 2 of 14 5 of 7 0 of 7

Spontaneous circling (3) 0 of 14 0 of 14 0 of 14 0 of 7 0 of 7

No activity (4) 0 of 14 0 of 14 0 of 14 0 of 7 0 of 7

Mean score 0.1 1.78 1.07* 1.7 1.0*

Behavior (points)

Body position (0 to 4) 4 2 2.66 2.66 3.16

Spontaneous activity (0 to 3) 3 2.16 2.5 1.5 2.33

Transfer arousal (0 to 5) 2.83 2.5 3 3.16 3.5

Gait (0 to 3) 3 3 3 3 3

Touch escape (0 to 3) 2.83 2 2.33 1.5 2.33

Positional passivity (0 to 4) 4 3 3 2.5 3

Mean score 19.66 14.66 16.50* 14.33 17.33*

Data are shown as the number of animals that showed each neurological score vs total number of animals per
group, or as mean score per behavior.

*P�0.05 vs HeN or ScSn, respectively (n�7 to 14). See Methods for details.

Figure 2. Expression of iNOS (A and C)
and COX-2 (B and D) enzymes in TLR4-
deficient mice after pMCAO were ana-
lyzed in brains from TLR4-deficient mice
[C3H/HeJ (HeJ); C57BL/10ScNJ (ScNJ)]
and from mice that express TLR4 nor-
mally [C3H/HeN (HeN); C57BL/10ScSn
(ScSn)] under normal conditions (control)
and 24 hours after ischemia (MCAO).
Blots show Western blot analyses in
brain homogenates, and the correspond-
ing lower panels show the densitometric
analysis of bands. Data are mean�SEM;
n�6 to 8; *P�0.05 versus MCAO HeN or
MCAO ScSn, respectively (see Methods).
AU indicates arbitrary units.
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expression of the inflammatory enzymes iNOS and COX-2 in
brains from all substrains studied, as shown by their levels 24
hours after the ischemic insult (Figure 2). TLR4 deficient mice
had significantly lower expression of both enzymes at the time
examined when compared with control mice (Figure 2).

Effect of iNOS or COX-2 Inhibition in C3H/HeN
Mice After pMCAO
To explore the implication of iNOS in TLR4 signaling, 2
groups of C3H/HeN mice were treated with 20 and 40 mg/kg
1400W at 8-hour intervals during the first day after MCAO.
Treatment with 1400W induced partial reductions in the total
volume of brain infarct (HeN�1400W 20 mg/kg: 29.1�1.0
and HeN�1400W 40 mg/kg: 22.5�2.2 mm3; 17% and 35%
reductions versus HeN: 35.0�2.1, respectively; P�0.05), and
produced an improvement in both neurological tests (data not
shown). Levels of brain NOx

- after MCAO were determined
as an indicator of NO synthesis. C3H/HeN mice (n�8)
treated with 1400W at 40 mg/kg had lower levels of NOx

-

(HeN: 111.4�9.2 versus HeN�1400W 40 mg/kg: 34.6�8.1
pmol/mg protein; P�0.05).

To study the role of COX-2 in TLR4 signaling, a group of
C3H/HeN mice was treated with 10 mg/kg NS398, adminis-
tered 1 hour before, 1 hour after, and 6 hours after MCAO.
Mice treated with NS398 had smaller infarct volumes (HeN:
36.0�2.0 versus HeN�NS398: 24.5�1.2 mm3; 32% reduc-
tion; P�0.05) and better neurological and behavioral out-
comes than control mice (data not shown). Mice treated with
NS398 (n�6) had also lower levels of brain prostaglandin E2,
an indicator of COX-2 activity (HeN: 24.8�2.1 versus
HeN�NS398 10 mg/kg: 8.1�1.3 pg/mg protein; P�0.05).

Nitrosative and Oxidative Parameters in
TLR4-Deficient Mice After pMCAO
Permanent MCAO caused an increase in brain NOx

- in both
groups, but C3H/HeJ mice (n�8) had lower levels of NOx

-

than the strain with a normal expression of TLR4 (control
HeN�control HeJ: 22�15; MCAO HeN: 108�10 versus
MCAO HeJ: 66�11 pmol/mg protein; P�0.05).

MCAO caused the accumulation of the lipid peroxidation
product malondialdehyde in cortex from both substrains of
C3H mice at 24 hours after the ischemic insult. TLR4-
deficient mice (C3H/HeJ; n�8) had less accumulation of
malondialdehyde than control mice (control HeN�control
HeJ: 0.08�0.01; MCAO HeN: 0.74�0.01 versus MCAO
HeJ: 0.61�0.01 nmol/mg protein; P�0.05).

Expression of MMP-9 in TLR4-Deficient Mice
After pMCAO
In all the substrains studied, MCAO caused an increase in the
levels of the proform and the active form of MMP-9, a MMP
that is induced and mediates damage caused by proinflam-
matory stimuli such as cerebral ischemia.23 Again, TLR4
deficient mice had significantly reduced expression of both
forms of MMP-9 at the time examined when compared with
control groups (Figure 3).

Levels of IRF-1, IFN-�, IFN-�, and IFN-� in
TLR4-Deficient Mice After pMCAO
Experimental ischemia caused activation of IRF-1, as
revealed by the augmented nuclear expression of IRF-1 in
all mice strains studied (Figure 4A). IRF-1 is a transcrip-
tion factor that plays a role in IFN gene expression, and
contributes to cerebral ischemic damage.24 TLR4 deficient
mice had significantly reduced expression of IRF-1 at the
time examined when compared with control mice (Figure
4A).

Additionally, MCAO caused an increase in brain IFN-�,
IFN-�, and IFN-� concentrations in all groups when mea-
sured 24 hours after the ischemic insult (Figure 4). C3H/HeJ
and C57BL/10ScNJ mice had lower levels of IFN-� than the
strains with a normal expression of TLR4 (Figure 4C).
However, no differences in IFN-� and IFN-� concentrations
were found in TLR4-deficient mice (Figure 4B and 4D).

Levels of Interleukin-1� and TNF-� in
TLR4-Deficient Mice After pMCAO
MCAO caused an increase in brain interleukin-1� and TNF-�
concentrations in all groups when measured 24 hours after the
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Figure 3. Expression of the proform and the active form of MMP9 enzyme in TLR4-deficient mice after pMCAO was analyzed in brains
from TLR4-deficient mice [C3H/HeJ (HeJ); C57BL/10ScNJ (ScNJ)] and from mice that express TLR4 normally [C3H/HeN (HeN); C57BL/
10ScSn (ScSn)] under normal conditions (control) and 24 hours after ischemia (MCAO). Figure shows a representative zymogram from
brain homogenates. Data are mean�SEM; n�6 to 8; *P�0.05 versus MCAO HeN or MCAO ScSn, respectively (see Methods).
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ischemic insult. No differences were found in TLR4-deficient
mice when compared with mice with a normal expression of
TLR4 (Figure 5).

Brain Morphology and Cellular Expression
of TLR4
Both mouse strains (C3H and C57BL) showed a normal brain
morphology without any signs of neural defects after staining
with hematoxylin and eosin (Figure 6). TLR4 localization
was examined by double immunofluorescence staining in
mouse brains after MCAO. In C3H/HeN and C57BL/10ScSn
mice, double immunostaining showed TLR4 immunoreactiv-
ity in astrocytes (glial fibrillary acidic protein–positive cells)

and in cells positive for tomato lectin (microglia, as well as
macrophages and blood vessels) 24 hours after the occlusion
(Figure 7). However, only C3H/HeJ but not C57BL/10ScNJ
showed expression of TLR4 after MCAO, and, once again,
TLR4 localization was similar (astrocytes and microglia) to
that found in wild-type mice (Figure 7).

Discussion
This study shows that TLR4-deficient mice have smaller
cerebral infarctions and less inflammatory response after an
experimental stroke. These data demonstrate that TLR4
signaling is involved in brain damage and in inflammation
triggered by ischemic injury.

Figure 4. Levels of IRF-1, IFN-�, IFN-�,
and IFN-� in TLR4-deficient mice after
pMCAO. Expression of IRF-1 was ana-
lyzed in cytosolic and nuclear extracts
(A) and levels of IFN-� (B), IFN-� (C), and
IFN-� (D) were studied in supernatants.
All were obtained from brains of TLR4-
deficient mice [C3H/HeJ (HeJ); C57BL/
10ScNJ (ScNJ)] and from mice that
express TLR4 normally [C3H/HeN (HeN);
C57BL/10ScSn (ScSn)] 24 hours after
ischemia (MCAO). Data are mean�SEM;
n�6; *P�0.05 versus MCAO HeN or
MCAO ScSn, respectively (see Methods).
cyto indicates cytosolic; nu, nuclear.

Figure 5. Levels of interleukin-1� (A) and TNF-� (B) in TLR4-deficient mice after pMCAO were analyzed in brains from TLR4-deficient
mice [C3H/HeN (HeN); C57BL/10ScSn (ScSn)] and from mice that express TLR4 normally [C3H/HeN (HeN); C57BL/10ScSn (ScSn)]
under normal conditions (control) and 24 hours after ischemia (MCAO). Data are mean�SEM; n�6 to 8 (see Methods).
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We have demonstrated that mice (C3H/HeJ and C57BL/
10ScNJ) that lack expression of TLR4 present a significantly
better stroke outcome, as shown by a remarkable reduction of
the infarct volume and a substantial recovery in the neurological
deficits induced by MCAO 24 hours and 7 days after the
occlusion compared with mice (C3H/HeN and C57BL/10ScSn)
that express TLR4 normally. The improvement in the neurolog-
ical function was studied with 2 different assessments: a simple
neurological test widely used,18 and a behavioral test that
includes the study of sensorimotor deficits.19

In the search for mechanisms involved in this effect, we
found that MCAO-induced iNOS expression is significantly
lower in brains from TLR4-deficient mice than in those from
control mice. We have mentioned that TLRs activate nuclear
factor �-B signaling pathways that produce the transcription
of many proinflammatory genes and enzymes such as iNOS.8

It has been described recently that TLR4 mediates iNOS
expression in macrophages in a MyD88-independent (TRIF-
dependent) manner.25 Because iNOS mediates cytotoxicity in
many cell systems such as the ischemic brain,1,26 the reduc-
tion of the infarct volume found in TLR4-deficient mice
might be explained at least in part by the reduced expression
of this isoform. In fact, we have demonstrated that mice that
express TLR4 normally (C3H/HeN) and received a treatment
with 1400W, a specific iNOS inhibitor, after the ischemic
insult show a partial protective effect, as indicated by a

recovery in the neurological deficit and a reduction in the
infarct volume, which is quantitatively similar to previously
reported data.16,27

Similar to iNOS, TLR4 is also able to trigger the expres-
sion of COX-2 via nuclear factor �-B translocation.8,28,29 This
enzyme also participates in the ischemic inflammatory cas-
cade and in the subsequent ischemic brain damage.30–32 In
this context, we have found that TLR4-deficient mice have
significantly lower expression of COX-2 compared with
control mice, which suggests that increased expression of
COX-2 may mediate brain damage after ischemia through
TLR4-dependent signaling. Indeed, we also demonstrate that
treatment with the COX-2 inhibitor NS398 causes a partial
neuroprotective effect in mice that express TLR4 normally
(C3H/HeN), in agreement with previous results.17

Once iNOS and COX-2 are expressed, the formation of
large amounts of oxygen and nitrogen-reactive species might
account for the oxidation of cellular components such as
membrane lipid peroxidation, which results in the formation
of several cytotoxic products such as malondialdehyde.33 The
fact that TLR4-deficient mice present lower levels of malon-
dialdehyde after MCAO compared with control mice sup-
ports the hypothesis that TLR4 signaling is involved in
inflammation, and subsequent oxidative stress brain damage
after ischemic injury.

MMP-9 (gelatinase B) is another inflammatory mediator
that contributes to ischemic cerebral damage23 as it partici-
pates in extracellular matrix degradation34 It has been shown
that MMP-9 participates in the hemorrhagic transformation in
acute ischemic stroke in humans.35 Our data confirm that
experimental stroke increases the expression of this MMP in
mice in both precursor and active forms. More importantly,
TLR4-deficient mice present a lower expression of MMP-9
compared with control mice. It has been reported that
increased NO production is necessary for MMP-9 activa-
tion,36–38 which might constitute a potential extracellular
proteolysis pathway to neuronal cell death in cerebral ische-
mia. Given the relevance of both interrelated signaling for
cell damage, the dual reduction in iNOS and MMP-9 expres-
sion found after MCAO in TLR4-deficient mice is likely to
be one of the main mechanisms responsible for the protective
effect of the deletion of TLR4-mediated signaling.

The transcription factor IRF-1 is involved in the molecular
mechanisms of inflammation and apoptosis, and contributes
directly to cerebral ischemia.24 Our data confirm that exper-
imental stroke increases the expression of IRF-1, and, more
interestingly, that TLR4-deficient mice present a lower ex-
pression of IRF-1 when compared with control mice. As, it
has been reported that the volume of brain injury produced by
MCAO is markedly reduced in mice with a null mutation of
the IRF-1 gene,24 our results indicate that the reduction of the
infarct volume found in TLR4-deficient mice might be also
explained at least in part by the reduced expression of IRF-1.
In addition, we have also found that TLR4-deficient mice
present lower levels of IFN-� but not of IFN-� and IFN-�,
which suggests that other members of the IRF family could
be also involved.39

Our data do not show any differences in the levels of the
cytokines interleukin-1� and TNF-� 24 hours after MCAO in
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C3H/HeN
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Figure 6. Brain morphology in TLR4 mice. Sections obtained
from brains of TLR4-deficient mice [C3H/HeJ (HeJ); C57BL/
10ScNJ ScNJ)] and from mice that express TLR4 normally
[C3H/HeN (HeN); C57BL/10ScSn (ScSn)] were stained with
hematoxylin and eosin to assess possible abnormal brain mor-
phology. Figure shows a representative photograph from brain
sections (see Methods).
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TLR4-deficient mice compared with wild-type substrains.
These results suggest that the TLR4 signaling does not affect
the activation of these cytokines, although we cannot discard
changes at other time points.

Our data strongly support that TLR4 signaling is impli-
cated in ischemic brain damage through the expression of
iNOS, COX-2, IRF-1, and MMP9. The decreased expression
of inflammatory mediators in TLR4-deficient animals as a
neuroprotective mechanism could be reinforced in future
studies with the use of other ischemic models and time points
with a more pronounced inflammatory response.

We have also showed that TLR4 is expressed in microglia
and astrocytes after MCAO, in agreement with previous data
that show that this receptor is expressed in microglia10 and
astrocytes11 after inflammatory stimuli; however, it is not
known how ischemia activates TLR. In this context, several
reports in the literature have described endogenous and
exogenous ligands that activate TLR4 to produce an inflam-
matory response:6,9 TLR4 is activated by endogenous ligands
from necrotic cells such as heat-shock proteins (HSP60 and
HSP70),40,41 from extracellular matrix components as hyal-
uronic acid42 or fibronectin,43 and from damaged blood vessel
such as fibrin and fibrinogen.44 All these ligands have been
described to play a role in stroke and atherosclerosis, and
some of them have been found to be independent stroke risk
factors.45

On the other hand, TLR4 is also activated by exogenous
ligands such as lipopolysaccharide from Gram-negative bac-
teria14,46,47 and the fusion protein of respiratory syncytial

virus.48 In this context, it has been reported that chronic
infections caused mainly by Gram-negative bacteria might
increase the risk of stroke and atherosclerosis.4,5 Although the
precise role of infection is still controversial, Chlamydia
pneumoniae has been the bacteria most frequently implicated
as a risk factor of stroke and also of atherosclerosis, the main
cause of ischemic stroke. In fact, a positive association
between elevated C pneumoniae antibodies indicative of
chronic infection and stroke has been reported in several
studies.2,4 Interestingly, our new data suggest that this Gram-
negative bacteria would play a role not only as a risk factor
for ischemic stroke, but also as a causative agent of worse
outcome caused by higher inflammation and brain damage.
This would result from overactivation of TLR4 receptor by
both exogenous ligand such as lipopolysaccharide and endog-
enous ligand such as chlamydial HSP-60. Indeed, it has been
demonstrated that chlamydial HSP-60 induces the production
of TNF-� and MMPs by macrophages,49 which are mecha-
nisms that might enhance the inflammation and damage
found in stroke.

Taking into account that the brain and heart share some cell
death pathways after ischemia, the fact that TLR4 signaling
has been implicated in myocardial ischemia-reperfusion in-
jury and inflammation50 also supports its role in the brain
after stroke. Finally, the described mutations in the TLR4
gene (Asp299Gly, C119A), which are associated with risk of
atherothrombosis, myocardial infarctions, and ischemic
stroke in some populations,12,13 also remark the importance of
this signaling pathway in all these pathologies and particu-
larly in stroke.
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Figure 7. Cellular localization of TLR4 after pMCAO. Double immunofluorescence staining of brain sections from TLR4-deficient mice
[C3H/HeJ (HeJ); C57BL/10ScNJ (ScNJ)] and from mice that express TLR4 normally [C3H/HeN (HeN); C57BL/10ScSn (ScSn)] of TLR4
(red) and cellular markers (green) GFAP (astrocytes) and L. esculentum (microglia). GFAP indicates glial fibrillary acidic protein.
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In summary, to our knowledge, this is the first report to
show a direct implication of TLR4 signaling in brain injury
and inflammation caused by stroke. Our data confirm that
innate immunity participates in the brain damage after stroke.
Considering that the immunity response takes place early
after the injury, it would be useful to develop new therapies
to inhibit TLR4 signal through the use of neutralizing
antibodies or drugs with antagonist characteristics to produce
a neuroprotective effect.
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CLINICAL PERSPECTIVE
The innate immune system is able to recognize many pathogens, even without prior exposure, that trigger specific immune
responses such as, among others, the synthesis of inflammatory cytokines and the production of reactive species that induce
oxidative stress. In this context, toll-like receptors (TLRs) are key components of the innate immune system, and function
as receptors that recognize ligands from microbial products, but also from damaged cells and tissues, and thus act as an
endogenous danger signal. Innate immune response is largely mediated by leukocytes, such as neutrophils, macrophages,
and dendritics cells. Interestingly, some evidence indicates that innate immunity and subsequent inflammatory mechanisms
participate in several facets of brain injury. Taking into account that stroke is the one of the leading causes of death, and
the main cause of severe long-term disability in adults, and that treatment is often limited to fibrinolysis, a therapy useful
to a very low percentage of patients, immunomodulation strategies arise as a possible powerful approach for stroke
treatment. Among TLRs, TLR4 is the most frequently observed and best-characterized receptor. Our data show that
TLR4-deficient mice have minor infarctions and less inflammatory response after an ischemic insult. The present results
also demonstrate that TLR4 signaling is involved in ischemic brain damage through the expression of the inflammatory
mediators inducible nitric oxide synthase, cyclooxygenase-2, interferon-regulatory factor 1, and matrix
metalloproteinase-9. Considering that the immune response takes place early after the injury, the development of therapies
capable of TLR4 signal inhibition could provide a potent neuroprotective effect for acute stroke treatment.
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