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Abstract
The brain’s resistance to ischemic injury can be transiently augmented by prior exposure to a sub-
lethal stress stimulus, i.e. preconditioning. It has been reported that Toll-like receptors (TLRs) are
involved in the preconditioning-induced protective effect against ischemic brain injury. In this study,
we investigated the effect of preconditioning with a TLR2 specific ligand, Pam3CSK4, on focal
cerebral ischemia/reperfusion (I/R) injury in mice. Pam3CSK4 was administered systemically 24
hrs before the mice were subjected to focal cerebral ischemia (1 hr) followed by reperfusion. Cerebral
infarct size was determined, blood brain barrier (BBB) permeability was evaluated, and expression
of tight-junction proteins were examined after focal cerebral I/R. Results showed that pre-treatment
with Pam3CSK significantly reduced brain infarct size (1.9 ± 0.5% vs 9.4 ± 2.2%) compared with
the untreated I/R group. Pam3CSK4 pre-treatment also significantly reduced acute mortality (4.3%
vs 24.2%), preserved neurological function (8.22 ± 0.64 vs 3.91 ± 0.57), and attenuated brain edema
(84.61 ± 0.08% vs 85.29 ± 0.09%) after cerebral I/R. In addition, Pam3CSK4 pre-treatment preserved
BBB function as evidenced by decreased leakage of serum albumin (0.528 ± 0.026 vs 0.771 ± 0.059)
and Evans Blue (9.23 ± 0.72 μg/mg vs 12.56 ± 0.65μg/mg) into brain tissue. Pam3CSK4 pre-
treatment also attenuated the loss of the tight junction protein occludin in response to brain I/R injury.
These results suggest that TLR2 is a new target of ischemic preconditioning in the brain and
preconditioning with a TLR2 specific ligand will protect the brain from I/R injury.
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1. Introduction
The brain’s resistance to ischemic injury can be transiently augmented by preconditioning,
which is defined as a brief exposure to a harmful stimulus at a dose below the threshold for
tissue injury that provides robust protection against, or tolerance to, the injurious effects of a
subsequent more severe insult (Hertzog et al. 2003). Tolerance to experimental brain ischemia
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can be induced by a variety of stimuli that elicit a stress response, such as transient cerebral
ischemia (Barone et al. 1998), cytokines (Beltrami et al. 2003) and endotoxin (Jiang et al.
2007). Recent evidence indicates that Toll-like receptors (TLRs) are involved in the
preconditioning-induced tolerance to ischemia (Bordet et al. 2000;Puisieux et al. 2000;Dawson
et al. 1999;Tasaki et al. 1997;Stevens et al. 2008). Toll-like receptors (TLRs) are a family of
signal transduction molecules that play a critical role in the induction of innate and adaptive
immunity (Medzhitov et al. 1997). Preconditioning with TLR4 (Bordet et al. 2000;Puisieux
et al. 2000;Dawson et al. 1999;Tasaki et al. 1997) and TLR9 (Stevens et al. 2008) ligands has
been reported to induce neuroprotection against ischemic injury. By way of example, the TLR4
ligand, lipopolysaccharide (LPS), can induce protection against ischemia-induced brain injury
(Bordet et al. 2000;Puisieux et al. 2000;Dawson et al. 1999;Tasaki et al. 1997). However,
whether preconditioning induced by other TLR ligands can induce neuroprotection in ischemic
injury remains uninvestigated. Pam3CysSerLys4 (Pam3CSK4) is a specific ligand for TLR2
(Aliprantis et al. 1999). We hypothesized that Pam3CSK4 may induce preconditioning that
might protect the brain from I/R injury. To test this hypothesis, C57BL/10ScSn (wild type)
mice were pretreated with Pam3CSK4 twenty four hours before focal cerebral ischemia/
reperfusion (I/R) induced by middle cerebral artery occlusion (MCAO). We observed that
pretreatment of mice with Pam3CSK4, a TLR2 specific ligand, decreased mortality after I/R,
attenuated ischemia-induced neurological deficits, reduced infarct size and brain edema. In
addition, Pam3CSK4 preconditioning also preserved blood–brain barrier (BBB) function after
cerebral I/R by modulating the expression of tight junction (TJ) proteins, zonula occluden-1
(ZO-1) and occludin in the brain vasculature. Although the mechanisms remain to be
elucidated, the present study demonstrates, for the first time, that preconditioning with
Pam3CSK4 prevents focal cerebral I/R injury, which may involve modulation of vascular tight
junction proteins and preservation of BBB integrity.

2. Materials and Methods
2.1. Animals

Male mice (C57BL/10ScSn, 25~30g) were obtained from Jackson Laboratory and maintained
in the Division of Laboratory Animal Resources at East Tennessee State University (ETSU).
The experiments outlined in this manuscript conform to the Guide for the Care and Use of
Laboratory Animals published by the National Institutes of Health (NIH Publication No. 85-23,
revised 1996). The animal care and experimental protocols were approved by the ETSU
Committee on Animal Care.

2.2. Focal cerebral ischemia/reperfusion
Focal cerebral ischemia/reperfusion (I/R) was induced by occlusion of the middle cerebral
artery (MCAO) on the left side according to previously published methods (Yang et al.
1999) with modifications. Briefly, mice were subjected to anesthesia by 5.0% Isoflurane and
maintained by inhalation of 1.5% to 2% Isoflurane driven by 100% oxygen flow. Mice were
ventilated (110 breaths/min with volume 0.5ml) and body temperature was regulated at 37.0°
C by surface water heating. Following the skin incision, the left common carotid artery (CCA),
the external carotid artery (ECA) and the internal carotid artery (ICA) were carefully exposed.
Microvascular aneurysm clips were applied to the left CCA and the ICA. A coated 6-0 filament
(6023PK, Doccol Corp. CA, USA) was introduced into an arteriotomy hole, fed distally into
the ICA and advanced 11 mm from the carotid bifurcation. The ICA clamp was removed and
focal cerebral ischemia started. After ischemia for 60 minutes, the filament and the CCA clamp
were gently removed (reperfusion starts). The collar suture at the base of the ECA stump was
tightened. The skin was closed, anesthesia discontinued, and the animal allowed to recover in
pre-warmed cages. Control mice underwent a neck dissection and coagulation of the external
carotid artery, but no occlusion of middle cerebral artery.
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2.3. Experimental design
Mice were assigned to four groups: sham control (S), focal cerebral ischemia/reperfusion (I/
R), Sham + Pam3CSK4 (S-Pam) and I/R + Pam3CSK4 (I/R-Pam). To examine the permeability
of the BBB, brains were harvested from the mice subjected to one hr of ischemia followed by
6 hrs of reperfusion. Mortality and neurological score were evaluated in mice which were
subjected to one hour of ischemia followed by reperfusion for 24 hrs. To evaluate infarct size,
brains were harvested and stained with thiphenyltetrazolium chloride (TTC). To examine the
levels of tight junction proteins, brain tissues were harvested and cellular proteins isolated
(Hua et al. 2007b). For immunohistochemistry staining, mice were anesthetized with Ketamine
and transcardially perfused with normal saline followed by 30 ml of 4% buffered
paraformaldehyde, pH 7.4. The brain was removed, postfixed, embedded in paraffin and cut
into sections (7μm) as described previously (Hua et al. 2007b).

2.4. Pam3CSK4 pre-treatment
Pam3CSK4 (Catalog number: tlrl-pms, InvivoGen, San Diego, CA) was dissolved in sterile
endotoxin-free water and injected intraperitoneally (i.p., 2mg/Kg Body weight) 24 hours prior
to MCAO or sham surgical operation. This optimal dose was selected from a series of dose-
ranging studies.

2.5. Evaluation of neurological score
All mice were scored by a blinded investigator using a neurological evaluation instrument
described previously (Garcia et al. 1995) with modification. Briefly, the scoring system
included five principle tasks: spontaneous activity over a 3-minute period (0–3), symmetry of
movement (0–3), open-field path linearity (0–3), beam walking on a 3cm × 1 cm beam (0–3),
and response to vibrissae touch (1–3) (Shimamura et al. 2006b). The scoring system ranged
from 0 to 15, in which 15 is a perfect score and 0 is death due to cerebral I/R injury.

2.6. Assessment of cerebral infarct size
The infarct size was determined as described previously (Reglodi et al. 2002). Twenty-four
hrs after I/R, mice were sacrificed and perfused with ice cold phosphate buffered saline (PBS)
via the ascending aorta. Brains were removed and sectioned coronally into 2-mm-thick slices.
The slices were stained with 2% TTC solution at 37°C for 15 min followed by fixation with
10% formalin neutral buffer solution (pH 7.4). The infarct areas were traced and quantified
with an image-analysis system. Unstained areas (pale color) were defined as ischemic lesions.
The areas of infarction and the areas of both hemispheres were calculated for each brain slice.
An edema index was calculated by dividing the total volume of the left hemisphere by the total
volume of the right hemisphere. The actual infarct volume adjusted for edema was calculated
by dividing the infarct volume by the edema index. Infarct volumes are expressed as percentage
of the total brain volume ± S.E.M.

2.7. Assessment of brain edema (brain water content)
Brain water content was measured as described previously (Shimamura et al. 2006a). The
harvested brains were divided into left and right hemisphere. The brain samples were weighed
immediately after dissection (wet weight) and then dried at 105°C for 24 hours (dry weight).
The percentage of water content was calculated with the formula [(wet weight − dry weight)/
wet weight] × 100%.

2.8. Western Blots
Cellular proteins were prepared from ischemic cerebral hemispheres (Hua et al. 2007b),
electrophoresed with SDS-polyacrylamide gel and transferred onto Hybond ECL membranes
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(Amersham Pharmacia, Piscataway, NJ) (Hua et al. 2007a; Hua et al. 2005;Hua et al.
2007b). The ECL membranes were incubated with the appropriate primary antibody followed
by incubation with peroxidase-conjugated secondary antibodies (Cell Signaling Technology,
Inc.). The signals were detected with the ECL system (Amersham Pharmacia). The same
membranes were probed with anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase,
Biodesign, Saco, Maine) after being washed with stripping buffer. The signals were quantified
by scanning densitometry and computer-assisted image analysis. The primary antibodies used
in the present study were goat anti-serum albumin (ab19194, Abcam, Cambridge, MA), rabbit
anti-Occludin (N-term) (40–6100, Invitrogen, South San Francisco, CA) and rabbit anti-zonula
occludens-1 (ZO-1) (61–7300, Invitrogen, South San Francisco, CA).

2.9. Immunohistochemistry (IHC)
The IHC staining for tight junction protein ZO-1 were performed as described previously (Hua
et al. 2005;Hua et al. 2007b). The primary antibody employed was rabbit anti-ZO-1 (40–6100,
Invitrogen, South San Francisco, CA). The biotinylated secondary antibody and antibody–
biotin–avidin–peroxidase complexes (ABC reagent, SC-2018) for ZO-1 IHC staining were
obtained from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Slides processed without
primary antibodies served as negative controls.

2.10. Assessment of blood-brain barrier permeability (BBBP)
Six hrs after reperfusion following MCAO for 60 minutes, mice were anesthesized and perfused
with Evan’s Blue dye (4%; 2.5 ml/kg) as described previously (Shimamura et al. 2006a). Two
hrs after infusion, the mice were euthanized and perfused with ice-cold PBS via the ascending
aorta until the perfusion buffer was clear from the right atrium. The brains were removed. The
left hemispheres were homogenized with 2.0 ml PBS and centrifuged at 1,000 x g for 30 min.
Supernatants were mixed with equal amounts of 100% trichloroacetic acid sufficient to
precipitate proteins. The supernatants were measured for the absorbance of Evans Blue dye
color at 610 nm with a spectrophotometer. Evans Blue content was expressed as μg/g brain
tissue.

2.11. Statistical analysis
Comparison for mortality was accomplished with the Chi-square test. Continuous scale
measurements were expressed by the mean and standard error of the mean (S.E.M) for each
group. Group comparisons for neurological function (neurological score) were accomplished
with the t-test (applied to score values) and by the chi-square test. ANOVA and the least
significant difference procedure were used to assess the effectiveness of intervention and group
differences for infarct size, brain edema, levels of albumin, Occludin, ZO-1 and content of
Evan’s Blue dye. Probability levels of 0.05 or smaller were used for reporting statistical
significance.

3. Results
3.1 Pam3CSK4 preconditioning significantly reduced cerebral infarct size following I/R

We have previously reported that TLR2 modulation with an immunomodulator protected the
myocardium from ischemic injury (Li et al. 2003). To investigate whether modulation of TLR2
would induce protection against focal cerebral I/R injury, we administered Pam3CSK4, a TLR2
specific ligand, to mice 24 hrs before cerebral I/R. As shown in Figure 1, focal cerebral I/R
significantly induced cerebral infarction. Modulation of TLR2 by Pam3CSK4 significantly
reduced cerebral infarct volumes by 79.8% compared with the untreated I/R group (1.9 ± 0.5%
vs 9.4 ± 2.2%, p<0.05).
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3.2. Pam3CSK4 preconditioning attenuated the neurological deficits, brain edema, and
mortality associated with focal cerebral I/R

Neurological score evaluation is an index for the degree of neurological deficits associated
with stroke. Figure 2A shows that the neurological score was significantly decreased in the
mice that were subjected to focal cerebral ischemia (1 hour) followed by reperfusion for 24
hrs. In Pam3CSK4 treated mice (Pam-I/R), the neurological score was significantly higher than
that in the untreated I/R mice (8.22 ± 0.65 vs 3.91 ± 0.57, p<0.05), indicating that TLR2
modulation attenuated the neurological deficits associated with stroke. No neurological deficits
were observed in the two sham control groups.

Prevention of brain edema is critical for preservation of neurological function and survival
following focal cerebral I/R. We examined the brain water content in cerebral tissue from the
left hemisphere 24 hrs after cerebral I/R. As shown in Figure 2B, brain water content was
significantly increased in the mice subjected to focal cerebral I/R compared with sham control
(85.29 ± 0.09% vs 81.60 ± 0.17%). Focal cerebral I/R also resulted in significantly increased
brain water content in Pam3CSK4-treated mice compared with Pam-sham control (84.61 ±
0.08% vs 81.57 ± 0.22%). However, brain water content in Pam3CSK4 treated I/R mice was
significantly less compared with untreated I/R mice (84.61 ± 0.08% vs 85.29 ±0.09%, p<0.05).
There was no significant difference in the brain water content between the sham control and
Pam-sham groups.

We monitored the mortality in mice treated with and without Pam3CSK4 for 24 hrs after
cerebral I/R. As shown in Figure 2C, eight of thirty-three mice (24%) in the untreated I/R group
died within 24 hrs after reperfusion. In contrast, only one death (4.4%) was observed in the
Pam3CSK4 pre-treated I/R group within the same time period. As expected, there were no
deaths in sham and Pam-treated sham control groups.

3.3. Pam3CSK4 preconditioning attenuated blood-brain barrier permeability following
cerebral I/R

A functional blood brain barrier plays a critical role in preventing brain damage from I/R. We
examined whether modulation of TLR2 by Pam3SCK4 would preserve BBB function
following cerebral I/R. Leakage of serum albumin into brain tissue is an established indicator
for BBB function. Therefore, we examined the levels of serum albumin in brain tissue 24 hours
after cerebral I/R. Figure 3A shows that cerebral I/R resulted in significantly increased levels
of serum albumin in brain tissue compared with sham control (0.77 ± 0.06 vs 0.22 ± 0.067, p
< 0.05). In contrast, the levels of serum albumin in brains from the Pam-I/R mice were
significantly less when compared with control I/R mice (0.53 ± 0.03 vs 0.77 ± 0.06, p < 0.05).
However, we did note that the levels of serum albumin in the brain tissue of Pam-treated mice
was not maintained at control levels (0.53 ± 0.03 vs 0.22 ± 0.01, p < 0.05). As expected, the
levels of serum albumin in brain tissue were low in both sham control groups.

The Evans Blue dye exudation technique is another method for evaluating BBB permeability.
We measured the content of Evans Blue in the brain tissue 6 hrs after cerebral I/R. Figure 3B
shows that cerebral I/R significantly increased the content of Evans Blue in the brain tissue of
both I/R (12.56 ± 0.65 μg/mg tissue) and Pam3CSK4-treated I/R (Pam-I/R) (9.23 ± 0.72 μg/
mg tissue) mice. However, the content of Evans Blue in the brain tissue of Pam-I/R mice was
significantly lower than that in untreated I/R mice (9.23 ± 0.72 μg/mg vs 12.56 ± 0.65 μg/mg
cerebral tissue). As expected, the content of Evans Blue in the brain was low in both sham and
Pam-treated sham control mice.
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3.4. Pam3CSK4 preconditioning increased ZO-1 levels in the brain tissues in the presence
and absence of I/R injury

ZO-1 is an important protein in tight junctions (TJ) of the BBB. To investigate whether
modulation of TLR2 will affect the expression of ZO-1 protein in the brains tissue, we analyzed
tissue sections by immunohistochemical staining with specific antibody against ZO-1. Figure
4 shows that the staining of ZO-1 protein in cerebral vessels was weak in both sham control
(A) and I/R mice (B). However, intense staining of ZO-1 in brain vessels was observed in both
Pam-treated sham control and Pam-I/R mice (Fig. 4C and D). Western blot data indicate that
modulation of TLR2 by Pam3CSK4 significantly increased the expression of ZO-1 protein in
the presence or absence of cerebral I/R injury (Figure 4E).

3.5. Pam3CSK4 preconditioning attenuated the loss of Occludin in brain tissue following I/R
injury

Occludin is an integral plasma membrane protein located specifically at tight junctions. We
examined the expression of Occludin protein in brain tissue by Western blot. Figure 5 shows
that the levels of Occludin were significantly reduced following cerebral I/R (0.35 ± 0.02 vs
0.72 ± 0.08, p<0.05) compared with the sham control. However, the decreased levels of
Occludin in the brain tissue of I/R mice (0.35 ± 0.02) were significantly attenuated in
Pam3CSK4 treated I/R mice (0.47 ± 0.04). There was no significant difference between sham
control and Pam-treated sham control groups.

4. Discussion
The most significant finding that emerged from the present study was that preconditioning with
a TLR2 specific ligand significantly reduced cerebral infarct size and the mortality associated
with focal cerebral I/R injury. TLR2 preconditioning also improved BBB function after
cerebral I/R suggesting that preservation of BBB function could be one of the mechanisms by
which a TLR2 specific ligand induced protection against cerebral I/R injury.

Toll-like receptors (TLRs) are a family of signal transduction molecules that play a critical role
in the induction of innate and adaptive immunity (Medzhitov et al. 1997). TLRs have been
reported to be involved in preconditioning induced tolerance to ischemia (Bordet et al.
2000;Puisieux et al. 2000;Dawson et al. 1999;Tasaki et al. 1997;Stevens et al. 2008). A widely
recognized agent for preconditioning is bacterial LPS and its derivatives (Bordet et al.
2000;Puisieux et al. 2000;Dawson et al. 1999;Tasaki et al. 1997). LPS, a TLR4 specific ligand
(Jerala 2007), is a glycolipid that constitutes the major portion of the outermost membrane of
Gram-negative bacteria (Trent et al. 2006). Systemic administration of low dose LPS provides
protection against a variety of subsequent insults (Bordet et al. 2000;Puisieux et al.
2000;Dawson et al. 1999;Tasaki et al. 1997). Preconditioning with a TLR9 ligand can induce
neuroprotection against ischemic injury via mechanisms that share common elements with LPS
preconditioning via TLR4 (Stevens et al. 2008). Since bacterial lipoproteins are a family of
proinflammatory cell wall components found in both Gram positive and Gram negative bacteria
and the stimulatory activity of bacterial lipoproteins resides in their acylated amino terminus,
we hypothesized that pretreatment with a TLR2 specific ligand, Pam3CysSerLys4
(Pam3CSK4), a synthetic tripalmitoylated lipopeptide that mimics the acylated amino terminus
of bacterial lipoproteins, might induce a protective effect against brain ischemic injury. Our
results demonstrate that Pam3CSK4 preconditioning significantly decreased cerebral infarct
size, reduced mortality related to cerebral I/R and preserved neurologic function in the first 24
hours after I/R (Fig. 1 and 2). To best of our knowledge, these are the first data to demonstrate
that preconditioning with a TLR2 specific ligand, Pam3CSK4, protects the brain from ischemic
injury.
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The exact mechanisms involved in preconditioning-induced ischemic tolerance in the brain
are not well understood. Previous studies indicate that inflammatory cytokines (Tasaki et al.
1997;Nawashiro et al. 1997), endogenous brain superoxide (Bordet et al. 2000), bcl-2-protein,
mitochondrial membranes (Brambrink et al. 2004), endothelium-derived nitric oxide (NO) and
heat shock proteins (HSP) (Puisieux et al. 2000;Valentim et al. 2001) may be involved in the
protective mechanisms of preconditioning. In addition, preconditioning has been reported to
induce a vasculoprotective effect (Dawson et al. 1999) and to reduce BBB disruption and brain
edema (Masada et al. 2002). The development of cerebral infarction is accompanied by the
formation of severe brain edema, which increases intracranial pressure, leading to a
compression of the microvasculature and further cerebro-circulatory disorders followed by
secondary expansion of the infarct volume, all of which increases mortality (Klatzo et al.
1986). An interesting finding in the present study was that Pam3CSK4 preconditioning
attenuated brain edema induced by focal cerebral I/R injury (Fig. 2). Attenuation of brain edema
may not only may result in smaller infarct size and improved neurological function but may
also reduce mortality due to I/R. When taken together, these effects may be responsible for the
protective effect of Pam3CSK4 preconditioning in the mice subjected to cerebral I/R.

Previous studies indicate that cerebral I/R causes disruption of the brain-blood barrier (BBB),
which accelerates the development of abnormal vascular permeability and exacerbation of
post-ischemic edema (Cole et al. 1991;Yang and Betz 1994). Protection of the BBB has become
an important target of stroke intervention (Veltkamp et al. 2005). The BBB is the interface
between the peripheral circulation and the central nervous system (CNS) which serves to limit
the free passage of hormones, drugs, and other neuroactive and neurotoxic substances into the
central nervous system. Our study showed that Pam3CSK4 preconditioning attenuated the
increased BBB permeability induced by cerebral I/R, which was evaluated by brain albumin
levels and Evans Blue (EB) exudation. Leakage of EB into cerebral tissue was clearly related
to infarct area, which was observed predominantly in the caudoputamen, thalamus and the
cerebral neocortex ipsilateral to the MCAO. However, the EB dye content in the ischemic
cerebral hemisphere of brains from the Pam3CSK4 preconditioned group (Pam-I/R) was
significantly less than that in the I/R group. These results provided evidence that Pam3CSK4
preconditioning attenuated damage to the BBB, with decreased BBB leakage following focal
cerebral I/R injury. Although the possibility that brain parenchymal cells may participate in
the development of tolerance after Pam3CSK4 preconditioning can not be ruled out, our data
strongly indicates that the Pam3CSK4 preconditioning induced a protective effect, in part, by
preserving BBB integrity after cerebral ischemia.

It is well known that cerebral I/R results in a marked decrease of cerebral blood flow, leading
to disruption of the BBB (Nagel et al. 2008;Nagaraja et al. 2007). The mechanisms postulated
to be involved include the acute destruction of the endothelium (Westergaard et al. 1976),
oxygen free radicals causing peroxidation of lipids in cell membranes, failure of membrane
ATPase and changes in ion homeostasis (Nelson et al. 1992). However, the mechanisms by
which Pam3CSK4 preconditioning preserves BBB integrity after I/R is not known and worthy
of further investigation.

The anatomical substrate of the BBB is the cerebral microvascular endothelium, which,
together with astrocytes, pericytes, neurons, and the extracellular matrix, constitute a
“neurovascular unit” that is essential for the health and function of the central nerve system
(CNS) (Hawkins and Davis 2005). The continuous layer of cerebrovascular endothelial cells
is connected by tight junctions (TJ), which are an intricate complex of tight junction proteins,
such as Occludin and zonula occludens-1 (ZO-1) (Hawkins and Davis 2005;Hawkins and Davis
2005). Disruption of the tight junction by disease or drugs can lead to impaired BBB function
and thus may compromise the CNS. Therefore, maintaining tight junction proteins at certain
levels may be critical for preservation of BBB function during cerebral I/R. The expression
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and subcellular localization of TJ proteins are modulated by several intrinsic signaling
pathways. Recent reports indicate that TLR2 regulated epithelial barrier function by enhancing
the tight junction (TJ) protein zonula occludens-1 (ZO-1) (Cario et al. 2004). TLR2-mediated
TJ regulation critically determines susceptibility to intestinal injury and inflammation (Cario
et al. 2007). The TLR2 specific ligand, Pam3CSK4, has been shown to suppress mucosal
inflammation and apoptosis by restoring TJ-associated integrity of the intestinal epithelium in
vivo (Cario et al. 2004;Cario et al. 2007). TLR2 has been reported to be expressed in vascular
endothelial cells and response to TLR2 ligands (Chen et al. 2007). In addition, weak TLR2
expression has also been observed in cerebral vascular endothelial cells in the ischemic brain
(Ziegler et al. 2007). In the present study, we investigated whether Pam3CSK4 preconditioning
modulated the expression of TJ proteins. We found that Pam3CSK4 preconditioning
significantly increased the expression of ZO-1 protein in the cerebral vasculature in the absence
and presence of cerebral I/R. Interestingly, Pam3CSK4 preconditioning significantly
attenuated the loss of Occludin protein induced by cerebral I/R. Our data suggest that over
expression of ZO-1 protein and preventing in the loss of Occludin protein could be another
mechanism by which Pam3CSK4 precondition attenuates BBB dysfunction following focal
cerebral I/R.

In conclusion, we present evidence that preconditioning with a TLR2 specific ligand,
Pam3CSK4, will reduce infarct size and mortality associated with focal cerebral I/R injury.
Our findings suggest that maintaining the integrity of the blood brain barrier may be one
mechanism by which preconditioning with Pam3CSK4 protects the brain from I/R injury.
While the protective mechanisms have not been fully elucidated, the present data demonstrate
for the first time that TLR2 is a new target of ischemic preconditioning in the brain and that
preconditioning with TLR2 ligand may be an effective approach to prevent the debilitating and
life threatening consequences of ischemic stroke.
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Figure 1. Pre-treatment with Pam3CSK4 reduced infarct size following cerebral I/R injury
Pam3CSK4 was administered to mice (n=6) 24 hrs before cerebral ischemia (1 hr)/reperfusion
(24 hrs) was induced. Untreated mice were also subjected to cerebral I/R. Infarct size was
determined by TTC staining and expressed as the percentage of actual infarct volume in the
total cerebral volume. The data are expressed as mean ± standard error (s.e.). Representative
brain sections stained with TTC are shown above the graph. #compared with I/R, p<0.05.
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Figure 2. Pre-treatment with Pam3CSK4 preserved neurological function (A), reduced brain
edema (B) and decreased mortality (C) following cerebral I/R
Mice that were treated with (Pam-I/R) and without (I/R) Pam3CSK4 were subjected to
ischemia (1 hr)/reperfusion (24 hrs). Respective sham surgical operated mice served as sham
(S) and Pam-sham (Pam-S) controls. (A) Neurological function was evaluated using a scoring
system ranging 0 to 15, with 15 being a perfect score and 0 being death due to cerebral I/R.
(B) Brain water content was measured in cerebral tissues from the left hemisphere. (C)
Mortality was monitored during reperfusion (within 24 hrs). The data are expressed as mean
± standard error (s.e.). *compared with sham; #compared with I/R, p<0.05.
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Figure 3. Pre-treatment with Pam3CSK4 preserved Blood Brain Barrier (BBB) function following
cerebral I/R
Mice that were treated with and without Pam3CSK4 were subjected to ischemia (1 hr) followed
by reperfusion (24 hrs). Respective sham surgical operated mice served as sham (S) and
Pam3CSK4 treated sham (Pam-S) controls. (A) Serum albumin in cerebral tissue was examined
by Western blot. (B) Blood-brain barrier permeability was determined using the Evans Blue
dye exudation method. Representative Evans Blue dye in brains is shown above the graph. The
data are expressed as mean ± standard error (s.e.). *compared with sham, p<0.01; #compared
with I/R, p<0.05.
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Figure 4. Pre-treatment with Pam3CSK4 increased the expression of zonula occluden-1 (ZO-1) in
cerebral vasculature in the presence and absence of I/R
Immunohistochemical staining using specific antibody showed that there was weak expression
of ZO-1 in cerebral vessels in sham (A) and I/R (B). Intense staining for ZO-1 was observed
in Pam-S (C) and Pam-I/R (D). Western Blots (E) showed that treatment with Pam3CSK4
significantly increased the expression of ZO-1 compared with sham and I/R (untreated
controls). The data are expressed as mean ± standard error (s.e.). *compared with sham, p<0.05;
#compared with I/R, p<0.05.
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Figure 5. Pre-treatment with Pam3CSK4 prevented the decrease in Occludin following cerebral I/
R
Cellular proteins were isolated from brain tissues of sham (S), cerebral I/R (I/R), Pam3SCK4
treated sham control (Pam-S), and Pam3SCK4 treated I/R (Pam-I/R) mice, respectively and
subjected to Western blot with specific antibody against Occludin. The data are expressed as
mean ± standard error (s.e.). *compared with sham, p<0.05; #compared with I/R, p<0.05.
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