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Background-—Toll-like receptors (TLRs) have been shown to be involved in cerebral ischemia/reperfusion (I/R) injury. TLR9 is
located in intracellular compartments and recognizes CpG-DNA. This study examined the effect of CpG-ODN on cerebral I/R
injury.

Methods and Results-—C57BL/6 mice were treated with CpG-ODN by i.p. injection 1 hour before the mice were subjected to
cerebral ischemia (60 minutes) followed by reperfusion (24 hours). Scrambled-ODN served as control-ODN. Untreated mice,
subjected to cerebral I/R, served as I/R control. The effect of inhibitory CpG-ODN (iCpG-ODN) on cerebral I/R injury was also
examined. In addition, we examined the therapeutic effect of CpG-ODN on cerebral I/R injury by administration of CpG-ODN
15 minutes after cerebral ischemia. CpG-ODN administration significantly decreased cerebral I/R-induced infarct volume by 69.7%
(6.4�1.80% vs 21.0�2.85%, P<0.05), improved neurological scores, and increased survival rate, when compared with the
untreated I/R group. Therapeutic administration of CpG-ODN also significantly reduced infarct volume by 44.7% (12.6�2.03% vs
22.8�2.54%, P<0.05) compared with untreated I/R mice. Neither control-ODN, nor iCpG-ODN altered I/R-induced cerebral injury
or neurological deficits. Nissl staining showed that CpG-ODN treatment preserved neuronal morphology in the ischemic
hippocampus. Immunoblot showed that CpG-ODN administration increased Bcl-2 levels by 41% and attenuated I/R-increased
levels of Bax and caspase-3 activity in ischemic brain tissues. Importantly, CpG-ODN treatment induced Akt and GSK-3b
phosphorylation in brain tissue and cultured microglial cells. PI3K inhibition with LY294002 abolished CpG-ODN-induced
protection.

Conclusion-—CpG-ODN significantly reduces cerebral I/R injury via a PI3K/Akt-dependent mechanism. Our data also indicate that
CpG-ODN may be useful in the therapy of cerebral I/R injury. ( J Am Heart Assoc. 2014;3:e000629 doi: 10.1161/
JAHA.113.000629)
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S troke is the third leading cause of death and the leading
cause of long-term disability in the United States. About

795 000 Americans suffer a new or recurrent stroke annu-
ally.1 Approximately 610 000 of these are first attacks and
185 000 are recurrent attacks.1 Cerebral ischemia/reperfu-
sion (I/R) injury (ischemic stroke) accounts for about 83% of

all stroke cases.1 At present, there is no effective treatment
for cerebral I/R injury. Numerous studies have demonstrated
that the innate immune and inflammatory responses mediated
by Toll-like receptors (TLRs) play an important role in cerebral
ischemia/reperfusion (I/R) injury.2–4 TLRs are pattern recog-
nition receptors that play a critical role in the induction of
innate immune and inflammatory responses.5 Recent evi-
dence suggests that TLRs may be the important targets for
development of new treatment approaches for cerebral I/R
injury.6–10 We have demonstrated that TLR4 deficiency or
TLR2 modulation significantly attenuates brain injury in
response to cerebral I/R.10–12 Published data have also
shown that TLR agonists attenuate cerebral I/R injury through
a preconditioning mechanism.9,13–15

TLR9 is located intracellularly in endosomes and endo-
plasmic reticulum.16 TLR9 recognizes unmethylated CpG-DNA
from bacteria and endogenous DNA.16 Synthetic CpG-
oligodeoxynucleotide (ODN) has been reported to activate
TLR9,16,17 improve cell survival, prevent cell apoptosis,18
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attenuate cardiac dysfunction after I/R19,20 and improve
outcome in shock induced by polymicrobial sepsis21–23 or
trauma hemorrhage.24 Scholtzova et al reported that admin-
istration of CpG-ODN effectively ameliorated Alzheimer’s
disease-related pathophysiology.25 Stevens et al reported
pretreatment of animals with CpG-ODN for 24 hours induced
neuroprotection against ischemic injury through a precondi-
tioning mechanism.14 Because preconditioning requires a
prolonged pretreatment time, it is important to investigate
whether therapeutic administration of CpG-ODN will attenuate
cerebral I/R injury.

Phosphoinositide 3-kinases (PI3Ks) and their downstream
target serine/threonine kinase Akt are a conserved family of
signal transduction enzymes that are involved in regulating
cellular activation, inflammatory responses, and apoptosis.26

Activation of PI3K/Akt-dependent signaling plays a role in
protection against organ injury in response to I/R,20,27,28

septic shock23 as well as trauma hemorrhage.24 Recent
evidence has also shown cross talk between PI3K/Akt
signaling and TLR-mediated pathways.20,23,29 We have
previously reported that activation of PI3K/Akt signaling
contributes to the protection against cerebral I/R injury by
modulation of TLR2.30

The goal of the present study was to investigate the
effect of CpG-ODN on cerebral I/R injury. We observed
that CpG-ODN administration significantly reduced infarct
volume and improved neurological functional recovery
after cerebral I/R injury. Therapeutic administration of
CpG-ODN also markedly decreased infarct volume following
cerebral I/R.

Materials and Methods

Animals
Male C57BL/6 mice were purchased from The Jackson
Laboratory. The mice were maintained in the Division of
Laboratory Animal Resources at East Tennessee State
University (ETSU). The experiments outlined in this article
conform to the Guide for the Care and Use of Laboratory
Animals published by the National Institutes of Health (NIH
Publication, eighth Edition, 2011). All aspects of the animal
care and experimental protocols were approved by the ETSU
Committee on Animal Care.

Focal cerebral ischemia/reperfusion

Focal cerebral I/R was induced by occlusion of the middle
cerebral artery (MCAO) on the left side as described in our
previous studies.9,10,30,31 Briefly, mice (23 to 25 g body
weight) were anesthetized by 5.0% Isoflurane and anesthesia
was maintained by inhalation of 1.5% to 2% Isoflurane driven
by 100% oxygen flow. Mice were intubated and ventilated
using a rodent ventilator at a rate of 110 breaths/minute

with a total delivered volume of 0.5 mL. Body temperature
was regulated at 37°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) was introduced into an
arteriotomy hole, fed distally into the ICA. After the ICA
clamp was removed, the filament was advanced 11 mm
from the carotid bifurcation, 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 the middle
cerebral artery.

Measurement of cerebral blood flow

Successful occlusion of the middle cerebral artery was
verified and recorded by laser-Doppler flowmetry (Model
PeriFlux System 5000; Perimed) as described previously.30

Briefly, under anesthesia, a midline incision of the head was
made and a probe holder was attached to the skull with crazy
glue at 6 mm lateral and 1 mm posterior to the bregma. A
laser-Doppler probe was connected to the probe holder, and
regional cerebral blood flow (CBF) was monitored and
recorded. The data was retrieved continuously, stored in a
computer, and analyzed using the Perimed data acquisition
and analysis system. Regional CBF was expressed as a
percentage of preischemic baseline values.

Experimental Design
To examine the role of CpG-ODN on focal cerebral I/R injury,
mice were treated with CpG-ODN (10 lg/25 g body weight)
or control-ODN (n=8, 10 lg/25 g body weight) by intraperi-
toneal injection (i.p.) 1 hour prior to cerebral ischemia
(60 minutes) followed by reperfusion.

To evaluate the effect of TLR9 inhibition on cerebral I/R
injury, we chose inhibitory CpG-ODN (iCpG-ODN), which
binds C-terminal fragment of TLR9 preventing TLR9 activa-
tion.32 iCpG-ODN (n=8, 100 lg/25 g body weight) was
administered to mice by i.p. injection 1 hour prior to focal
cerebral I/R. Mice that did not receive any treatment
served as untreated controls. The CpG-ODN (CpG-ODN
1826), Control-ODN (control-ODN 1826), and iCpG-ODN
(iCpG-ODN 2088) were purchased from InvivoGen and
dissolved in sterile endotoxin-free water.20,23

To examine the therapeutic effect of CpG-ODN on focal
cerebral I/R injury, CpG-ODN was administered to mice
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15 minutes after focal cerebral ischemia (n=8) by i.p.
injection. Focal cerebral ischemia was continued for an
additional 45 minutes followed by reperfusion for 24 hours.

To evaluate the effect of CpG-ODN on cerebral functional
recovery and survival, CpG-ODN was administered to mice
1 hour prior to cerebral ischemia (60 minutes) followed by
reperfusion for up to 21 days.

To determine the role of PI3K/Akt signaling in CpG-ODN
induced protection against cerebral I/R injury, the PI3K
inhibitor LY294002 (1 mg/25 g body weight) was given to
mice 15 minutes before CpG-ODN administration. The mice
were subjected to focal cerebral ischemia (60 minutes)
followed by reperfusion (24 hours).

Measurement of infarct volume

The infarct volume was determined as described previ-
ously.9,10,30,31 The infarct volume was measured by one
blinded to experimental group. After completion of reperfu-
sion, 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% triphenyltetrazolium
chloride (TTC) solution at 37°C for 15 minutes 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.9,10,30,31

Infarct volumes are expressed as a percentage of the total
brain volume�SEM.

Evaluation of neuronal damage in the hippocampal
formation (HF)

Neuronal damage in brain sections was examined by Nissl
staining as described previously.9,10,30,31 Paraffin sections cut
in the coronal plane at approximately 1.5 mm behind bregma
with a thickness of 7 microns were deparaffinized and then
stained with 0.1% cresyl violet for 2 minutes. The sections
were evaluated using light microscopy.

Evaluation of neurological score

Neurological score was performed by a blinded investigator
using a neurological evaluation instrument described in our
previous studies.9,30 The neurological score was evaluated by
one blinded to experimental group. Briefly, the scoring system
included 5 principle tasks: spontaneous activity over a 3-
minute period (0 to 3), symmetry of movement (0 to 3), open-

field path linearity (0 to 3), beam walking on a 3 cm91 cm
beam (0 to 3), and response to vibrissae touch (1 to 3). 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. Sham controls
received a score of 15.

In situ apoptosis assay

In situ neuronal cell apoptosis was examined by the TdT-
mediated dUTP nick end-labeling (TUNEL) assay (Roche
Applied Science) as described previously.30 Fields of hippo-
campus were randomly evaluated for the percentage of
apoptotic cells using the TUNEL assay. The images were
viewed on an EVOS-fl digital inverted fluorescent microscopy
(Advanced Microscopy Group). Total cells were counted in
each field, and apoptotic cells are presented as the percent-
age of total cells counted.

Immunohistochemistry fluorescent staining

Fluorescent staining was performed to examine caspase-3
activity and microglia activation after cerebral I/R as
described previously.30 Briefly, brains from each group were
harvested and immersion-fixed in 4% buffered parafomalde-
hyde, embedded in paraffin, cut at 7 lm, and stained with
an specific anti-cleaved caspase-3 antibody (Cell Signaling
Technology, Inc) or anti-Iba-1 antibody (Santa Cruz Biotech-
nology, Inc) as described previously.30 After washing, the
tissue sections were incubated with FITC-conjugated anti-
rabbit (GeneTex) for 1 hour at 25°C and covered with
fluorescence mounting medium (Life Technologies). The
images were viewed on an EVOS-fl digital inverted fluores-
cent microscopy (Advanced Microscopy Group). Fields of
cortex were randomly examined using a defined rectangular
field area for analysis of microglia activation. Total cells
were counted in each field, and Iba-1-positive activated
microglia cells are presented as the percentage of total cells
counted.

In vitro experiments

BV2 microglial cells were cultured in DMEM medium supple-
mented with 10% fetal bovine serum (FBS) and penicillin
(Gibco) under 5% CO2 at 37°C.

30 When BV2 cells reached 70%
to 80% confluence, they were stimulated with CpG-ODN
(100 nmol/L) or Control-ODN (100 nmol/L), respectively,
under normoxic conditions for 15, 30, and 60 minutes. The
cells were harvested and cellular proteins were isolated for
examination of Akt and glycogen synthase kinase (GSK)-3b
phosphorylation by Western Blot.30,33,34

In separate experiments, BV2 cells were treated with CpG-
ODN (100 nmol/L) for 15, 30, and 60 minutes in the
presence and absence of LY294002 (20 lmol/L). BV2 cells
were also treated with 20 lmol/L LY294002 for 60 minutes.
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The cells were harvested for preparation of cellular proteins,
which were used for examination of Akt phosphorylation by
western blot. There were 6 replicates in each group.

Western blot

Cellular proteins were prepared from brain tissues and western
blots were performed as described previously.8–10,30,31 Briefly,
the cellular proteins were separated by SDS-PAGE and
transferred onto Hybond ECL membranes (Amersham Phar-
macia). The ECL membranes were incubated with the appro-
priate antibodies, respectively, (anti-phospho-Akt [Ser473],
anti-phospho-GSK-3b [Ser9], anti-Bax, anti-Cleaved Caspase-3
[Cell Signaling Technology], anti-Akt, anti-GSK-3b and anti-Bcl2
[Santa Cruz Biotechnology]) followed by incubation with
peroxidase-conjugated secondary Abs (Cell Signlaing Technol-
ogy). The signals were detected with the ECL system (Amer-
sham Pharmacia). To control for lane loading, the same
membrane were probed with anti-GAPDH (glyceraldehyde-3-
phosphate dehydrogenase, Biodesign) after being washed with
stripping buffer. The signals were quantified by scanning
densitometry using a Syngene G: Box Image Analysis System.

Caspase-3/7 activity assay

Caspase-3/7 activity in brain tissue was measured using a
Caspase-Glo assay kit (Promega) according to the manufac-
turer’s protocol as described previously.34

Statistical Analysis
Data is presented in figures as mean�SEM for experimental
groups. Group mean levels were compared with analysis of
variance (one-way or multifactorial as dictated by the design
structure) and the least significant difference procedure (since
the F-test was statistically significant). The log-rank test was
used to compare group survival trends (Kaplan-Meier plot in
Figure 2B). Probability levels of 0.05 or smaller were used to
indicate statistical significance.

Results

CpG-ODN Administration Decreased Focal
Cerebral Infarct Volume Following I/R
To examine the role of CpG-ODN in focal cerebral I/R injury,
we administered CpG-ODN, control-ODN or iCpG-ODN to
mice 1 hour before the mice were subjected to cerebral
ischemia (1 hour) and reperfusion (24 hours). Figure 1A
shows that CpG-ODN administration significantly reduced
infarct volume by 69.7% compared with the untreated I/R
group (6.4�1.80% vs 21.0�2.85%). Administration of either
control-ODN or iCpG-ODN to mice did not alter I/R-induced
cerebral infarct volume. We also evaluated the therapeutic

effect of CpG-ODN on cerebral I/R injury. As shown in
Figure 1B, therapeutic administration of CpG-ODN at 15 min-
utes after ischemia significantly reduced infarct volume by
44.7%, when compared with the untreated I/R group
(12.6�2.03% vs 22.8�2.54%). Figure 1C shows that cerebral
blood flow was significantly reduced by >80% immediately
following occlusion of middle cerebral artery and complete
reperfusion was restored after the occlusion was released.
There was no significant difference in cerebral blood flow
between the CpG-ODN, control-ODN, iCpG-ODN, and the
untreated I/R groups.

CpG-ODN Administration Improved Neurological
Deficits and Increased Survival Rate Following
Focal Cerebral I/R
Neurologic score evaluation is an index for the degree of
neurologic deficits associated with ischemic stroke.9,30 We
evaluated the effect of CpG-ODN on neurological deficits
following cerebral I/R. Figure 2A shows that the neurological
score was significantly decreased in untreated I/R mice
following cerebral I/R for up to 4 days. In contrast, the
neurological scores in CpG-ODN-treated I/R mice were
significantly greater than in the untreated I/R group at all
time periods. Administration of either control-ODN or iCpG-
ODN did not markedly affect cerebral I/R-induced neurolog-
ical deficits.

We also evaluated the effect of CpG-ODN administration
on survival rate following cerebral I/R. As shown in Figure 2B,
in untreated mice, 50% of mice died at 48 hours and 80% died
at 96 hours following cerebral I/R. In CpG-ODN-treated mice,
however, 80% of mice survived at 96 hours and 50% survived
at 21 days after cerebral I/R. There was no significant
difference in the survival rate between control-ODN, iCpG-
ODN, and untreated I/R group.

CpG-ODN Administration Attenuated Neuronal
Damage in the Hippocampal Formation
We evaluated the effect of CpG-ODN administration on
neuronal morphology in the hippocampus after cerebral I/R.
Nissl staining showed that neuronal damage in the cormu
ammonis 1 (CA1) field of the hippocampal formation (HF) is
characterized by shrunken cell bodies accompanied by
shrunken and pyknotic nuclei in the untreated I/R mice
(Figure 3). Similar morphological changes were observed in
the dentate gyrus (DG) field. In CpG-ODN treated I/R mice,
neuronal damage in the HF was significantly decreased and
morphology was preserved. Administration of control-ODN or
iCpG-ODN did not alter I/R-induced neuronal morphological
changes in the hippocampus (Figure 3).
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CpG-ODN Administration Attenuated Apoptosis in
the Brain Following Cerebral I/R Injury
Cerebral I/R-induced apoptosis plays a role in brain tissue
injury in response to I/R.35 We examined whether adminis-
tration of CpG-ODN will attenuate cerebral I/R-induced
apoptosis in the brain tissues. TUNEL assay showed that
cerebral I/R significantly induced apoptosis in the fields of

CA1 and cortex (Figure 4A). In CpG-ODN treated I/R mice,
however, the numbers of apoptotic nuclei were significantly
reduced by 78.8% in CA1 region and by 91.7% in the cortex,
respectively, when compared with untreated I/R mice.
Cerebral I/R also significantly induced caspase-3 activity as
evidenced by showing positive fluorescent staining with a
specific anti-cleaved caspase-3 antibody (Figure 4B), when
compared with sham control. Caspase-3/7 activity was also

Figure 1. CpG-ODN administration reduces infarct volume following cerebral I/R. A, CpG-ODN (10 lg/
25 g body weight), control-ODN (10 lg/25 g body weight) or iCpG-ODN (100 lg/25 g body weight) was
administered to mice, respectively, by i.p. injection 1 hour prior to cerebral ischemia (n=8/group). B, CpG-
ODN (10 lg/25 g body weight) was given to mice 15 minutes after ischemia by intravascular injection.
Mice were subjected to cerebral ischemia (60 minutes) followed by reperfusion (24 hours). Representative
image of infarct size from groups are shown on the top of the bar graph (n=8 in untreated and n=6 in post
treated group). C, Cerebral blood flow measurement before, during and after ischemia (n=6 in untreated,
n=6 in CpG-ODN, n=7 in iCpG, and n=6 in control ODN group). *P<0.05 compared with indicated group.
CBF indicates cerebral blood flow; ODN, oligodeoxynucleotide.
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significantly increased in the brain tissues following cerebral
I/R (Figure 4C). In contrast, CpG-ODN administration mark-
edly reduced the numbers of positive fluorescent staining
cells and attenuated caspase-3/7 activity, when compared
with untreated I/R group. Treatment of mice with control-
ODN or iCpG-ODN did not significantly alter cerebral I/R
induced apoptosis and caspase-3/7 activity in the brain
tissues.

CpG-ODN Administration Increased Bcl-2 and
Attenuated Bax Levels in Brain Tissues Following
Cerebral I/R
Bcl-2 is important for cell survival and anti-apoptosis while
Bax promotes apoptosis.36 We examined the effect of CpG-
ODN administration on the levels of Bcl2 and Bax in the
brain tissues following cerebral I/R. As shown in Figure 4D
and 4E, cerebral I/R increased the levels of Bax by 126.7%
in the brain tissues compared with sham control. In
contrast, CpG-ODN administration prevented I/R-increased
Bax levels in the brain tissues. CpG-ODN treatment also
significantly increased Bcl2 levels by 41% in the brain
tissues following cerebral I/R compared with untreated I/R
mice (1.24�0.10 vs 0.88�0.14). Administration of
either control-ODN or iCpG-ODN to mice did not
affect the levels of Bax and Bcl2 in the brain tissues
following I/R.

CpG-ODN Administration Attenuated Cerebral
I/R-Induced Microglial Cell Activation
Microglia are active sensor and effector cells in the
pathophysiological brain injury.37 We have previously
reported that cerebral I/R induced microglia activation in
brain tissues.30 We examined whether CpG-ODN administra-
tion will attenuate cerebral I/R-induced microglial cell
activation. Figure 5 shows that cerebral I/R induced microg-
lial cell activation as evidenced by anti-Iba-1 positive staining
cells in the cortex region of brain (green color). I/R also
induced caspase-3 activity (red color) in microglial cells
(yellow color in merge). In CpG-ODN treated mice, however,
the numbers of anti-Iba-1 positive staining cells were
significantly decreased compared with untreated I/R mice
(52.2�3.8% vs 74.9�3%). CpG-ODN administration also
markedly reduced caspase-3 activity in microglial cells.
Administration of either control-ODN or iCpG-ODN did not
markedly alter I/R-induced activation of microglial cells and
caspase-3 activity in microglial cells.

CpG-ODN Treatment Increased the Levels of
Phospho-Akt and Phospho-GSK-3b in the Brain
Tissues
Activation of the PI3K/Akt signaling pathway induces protec-
tion against cerebral I/R.30,38 We examine the effect of CpG-
ODN on the activation of PI3K/Akt signaling in the brain
tissues. Figure 6A shows that CpG-ODN treatment signifi-
cantly increased the levels of phospho-Akt in the brain tissues
of sham control mice. Cerebral I/R increased the levels of
phospho-Akt compared with sham control. However, the
levels of phospho-Akt in CpG-ODN treated mice were further

Figure 2. CpG-ODN treatment improved neurological deficits
and increased survival rate following cerebral I/R. Mice were
treated with CpG-ODN, or control-ODN, or iCpG-ODN, respec-
tively, 1 hour prior to cerebral ischemia (60 minutes) followed by
reperfusion for up to 4 to 21 days. Untreated I/R served as I/R
control. Sham operation served as sham control. 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 injury (n=7 in untreated, n=8 in CpG, n=7 in iCpG, n=7 in
control ODN group). B, Survival rate was evaluated following
cerebral I/R (n=16 in untreated, n=14 in CpG, n=14 in iCpG, and
n=15 in control ODN group). *P<0.05 compared with indicated
group. I/R indicates ischemia/reperfusion; ODN, oligodeoxy-
nucleotide.
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increased following cerebral I/R, when compared with
untreated I/R group.

GSK-3b is an important downstream target of Akt.26

Figure 6B shows that CpG-ODN administration markedly

increased the levels of phospho-GSK-3b in sham control
mice. The levels of phospho-GSK-3b in CpG-ODN treated mice
were further increased following cerebral I/R compared with
untreated I/R group. Treatment of mice with either control-

Figure 3. CpG-ODN treatment attenuated neuronal damage in the HF following cerebral I/R. Mice were
treated with CpG-ODN, or control-ODN, or iCpG-ODN, respectively, 1 hour prior to cerebral ischemia
(60 minutes) followed by reperfusion for 24 hours. Sham operation served as sham control. Brains were
harvested, sectioned, and stained with 0.1% cresyl violet (n=4 in each group). HF indicates hippocampal
formation; ODN, oligodeoxynucleotide.
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Figure 4. CpG-ODN administration attenuated I/R-induced apoptosis in brain tissues. Mice were treated with CpG-ODN, or control-ODN, or
iCpG-ODN, respectively, 1 hour prior to cerebral ischemia (60 minutes) followed by reperfusion for 24 hours (n=6/group). Sham surgical
operation served as sham control (n=4). Brains were harvested and sectioned. Cellular proteins were prepared from the remaining brain
tissues. A, Apoptosis in brain tissue were examined by TUNEL assay (n=3/group) and (B) caspase-3 activity was stained by cleaved caspase-3
antibody (red). The nuclei were stained by DAPI (blue). C, Caspase-3/7 activity was measured using Caspase-Glo 3/7 assay kit. D and E, CpG-
ODN decreased Bax (D) and increased Bcl2 (E) levels in the brain tissues following cerebral I/R. *P<0.05 compared with indicated groups.
GAPDH indicates glyceraldehyde-3-phosphate dehydrogenase; I/R indicates ischemia/reperfusion; ODN, oligodeoxynucleotide; TUNEL, TdT-
mediated dUTP nick end-labeling.
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ODN or iCpG-ODN did not significantly alter the levels of
phospho-Akt and phosopho-GSK-3b in the brain tissues with
and without cerebral I/R.

CpG-ODN Induced Akt and GSK Phosphorylation
in Cultured Microglial Cells
We performed in vitro experiments using microglial cells (BV2)
to investigate whether CpG-ODN can activate PI3K/Akt
signaling. BV2 cells were treated with CpG-ODN for 0, 15,
30, and 60 minutes, respectively. Control-ODN served as
control. Figures 6C and 6D show that CpG-ODN treatment

significantly induced Akt (C) and GSK-3b (D) phosphorylation
at 30 and 60 minutes, compared with the untreated group.
PI3K inhibition by LY294002 completely prevented CpG-ODN-
induced Akt phosphorylation (Figure 6E). Control-ODN did not
markedly stimulate Akt and GSK-3b phosphorylation in
microglial cells.

Inhibition of PI3K/Akt Abolished CpG-ODN-
Induced Protection Against Cerebral I/R Injury
To determine whether activation of PI3K/Akt signaling
contributes to CpG-ODN induced protection against cerebral

Figure 5. CpG-ODN administration attenuated I/R-induced caspase-3 activity in microglial cells in the
brain tissues. Mice were treated with CpG-ODN, or control-ODN, or iCpG-ODN, respectively, 1 hour prior to
cerebral ischemia (60 minutes) followed by reperfusion for 24 hours. Sham surgical operation served as
sham control. Brains were harvested and sectioned. Activation of microglia was examined with specific
antibody against Iba1 (green) and caspase-3 activity was measured by anti-cleaved-caspase-3 antibody
(red). Nuclei were stained with DAPI (blue). Caspase-3 activity in activated microglial cells were yellow color
(merge). (n=3/group). I/R indicates ischemia/reperfusion; ODN, oligodeoxynucleotide.
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Figure 6. CpG-ODN administration increases levels of Akt and GSK-3b phosphorylation in the brain tissues and in
cultured microglial cells. Mice were treated with CpG-ODN (n=7), or control-ODN (n=7), or iCpG-ODN (n=6),
respectively, 1 hour prior to cerebral ischemia (60 minutes) followed by reperfusion (24 hours). Untreated I/R mice
served as I/R control (n=6). Sham surgical operation served as sham control (n=4). Brains were harvested and
cellular proteins were prepared. The phospho-Akt (A) and phospho-GSK-3b (B) were examined by Western blot with
specific antibodies. C and D, Microglial cells (BV2) were treated with CpG-ODN or control-ODN for 15, 30, and
60 minutes. The cells were harvested and cellular proteins were prepared Western blot examination of (C) Akt and
(D) GSK-3b phosphorylation. E, Microglial cells (BV2) were treated with CpG-ODN for 15, 30, and 60 minutes in the
presence and absence of LY294002. PI3K inhibition by LY294002 prevents CpG-ODN-induced Akt phosphorylation in
cultured microglial cells (n=6 replicates/group). *P<0.05 compared with indicated groups. GSK indicates glycogen
synthase kinase; ODN, oligodeoxynucleotide.
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I/R injury, we treated mice with LY294002, a specific PI3K
inhibitor,20,23,30 15 minutes prior to CpG-ODN administration.
As shown in Figure 7, CpG-ODN administration markedly
reduced infarct volume compared with untreated I/R mice.
However, the infarct volume in CpG-ODN treated mice was
comparable with untreated I/R mice, when LY294002 was
administered. Thus, PI3K/Akt inhibition by LY294002 com-
pletely abolished protection against cerebral I/R injury by CPG-
ODN. There was no significant difference in the infarct volume
between CpG-ODN-LY294002 I/R group and untreated I/R
mice. Figures 6A and 6B show that LY294002 treatment
prevented CpG-ODN-induced increases in the levels of
phospho-Akt and phospho-GSK-3b in the brain tissues.

Discussion
The present study has shown that administration of CpG-
ODN, a TLR9 ligand, to mice 1 hour prior to cerebral I/R
significantly reduced infarct volume, attenuated neurological
deflects and improved survival rate following cerebral I/R
injury. More significantly, therapeutic administration of CpG-
ODN, 15 minutes after ischemia, also markedly decreased
cerebral I/R-induced infarct volume. In addition, CpG-
ODN administration significantly increased the levels of

phospho-Akt and phospho-GSK3b in the brain tissues. PI3K
inhibition abolished CpG-ODN-induced protection against
cerebral I/R injury. Thus our data suggest that CpG-ODN
attenuates focal cerebral I/R injury via a PI3K/Akt depen-
dent mechanism.

Innate immune and inflammatory responses are known to
be involved in cerebral I/R injury.2–4 TLRs play a critical role in
the induction of innate immune responses.5 TLRs activate
signaling through MyD88 and/or TRIF.5 Recent evidence has
indicated that TLRs contribute to cerebral I/R injury.6,10–12,39

For example, TLR4 deficiency protects the brain from cerebral
I/R injury.6,10–12,39 Hua et al reported that MyD88 or TRIF
knockout mice did not show a reduction of cerebral infarction
or improvement of neurological deficits following cerebral
I/R.40,41 This observation indicated that the signaling medi-
ated by MyD88 or TRIF may be required for protection. Indeed,
we have previously reported that modulation of TLR2 by its
ligand, Pam3CSK4 significantly reduced infarct volume and
improved neurological score following cerebral I/R injury.30

Recently Stevens et al reported that activation of TLR9 by its
agonist, CpG-ODN, significantly induced protection against
ischemic stroke.14 Hyakkoku et al reported that TLR3 or TLR9
deficiency did not show a neuroprotective effect against
cerebral I/R,42 indicating that TLR3 or TLR9 may serve a
protective role in cerebral I/R injury. Indeed, we demonstrated
in the present study that administration of CpG-ODN
decreased infarct volume and improved neurological score
following cerebral I/R. We also observed that therapeutic
administration of CpG-ODN decreased infarct volume. Collec-
tively, the data suggest that modulation of TLR9 by its ligand
CpG-ODN could be an approach for the treatment and
management of ischemic stroke.

Cerebral I/R induces neuronal apoptosis, which contrib-
utes to brain injury in response to I/R.35 It is well known that
Bax is a pro-apoptotic molecule whereas Bcl2 is an important
anti-apoptotic molecule.36 We observed that cerebral I/R
significantly increased the levels of Bax and caspase-3/7
activity in the brain tissues, which are consistent with the data
showing cerebral I/R, induced apoptotic cells in the brain
tissues. Importantly, CpG-ODN administration significantly
decreased I/R-induced apoptosis and attenuated I/R-
increased levels of Bax and caspase-3/7 activity in the brain
tissues. In addition, CpG-ODN markedly increased the levels
of Bcl2 both in sham control and I/R mice. The data indicate
that the anti-apoptotic effect of CpG-ODN43 may be one of the
mechanisms by which CpG-ODN attenuated cerebral I/R
injury.

Microglia are active sensors and versatile effector cells in
pathological and pathophysiological brain injury.37 Interest-
ingly, a recent study by Burguillos et al reported that
activation of caspase-8 is associated with microglial activa-
tion.44 Activated microglia release substances that cause

Figure 7. Pharmacologic inhibition of PI3K abrogates
CpG-ODN induced protection against cerebral I/R injury. Mice
were treated with or without LY294002 (1 mg/25 g body weight)
15 minutes before administration of CpG-ODN. The mice were
subjected to cerebral ischemia (60 minutes) followed by reper-
fusion (24 hours). LY294002 was also administered to mice
15 minutes prior to I/R. Infarct size was examined by TTC
staining. n=8/group. *P<0.05 compared with indicated groups. I/
R indicates ischemia/reperfusion; ODN, oligodeoxynucleotide.

DOI: 10.1161/JAHA.113.000629 Journal of the American Heart Association 11

CpG-ODN Decreases Cerebral Ischemic Injury Lu et al.
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



neuronal injury.37,45 We have observed that cerebral I/R
induces microglial activation in brain tissues. However, CpG-
ODN treatment prevented I/R-induced activation of microglial
cells, suggesting that CpG-ODN can prevent microglial
activation. Microglial cells are responsible for much of the
TLR expression in brain tissue.45 We have previously reported
that TLR2 modulation increased PI3K/Akt signaling in
microglial cells.30 CpG-ODN treatment also increased the
levels of Akt and GSK-3b phosphorylation, which may be a
possible mechanism for preventing microglial activation by
CpG-ODN.

We observed in the present study that CpG-ODN admin-
istration significantly induced Akt and GSK-3b phosphoryla-
tion both in vivo and in vitro, indicating that CpG-ODN can
activate the PI3K/Akt signaling pathway.20,30 We have
previously reported that activation of PI3K/Akt signaling
attenuates cerebral I/R-induced brain injury and neuronal
apoptosis,30 protects the myocardium from I/R injury20 and
improves outcome of polymicrobial sepsis.23 Activation of
PI3K/Akt signaling has been reported to protect cells from
apoptosis induced by I/R.27,33,46 Activated PI3K/Akt can
inhibit Bax conformational change, thus preventing Bax from
translocating and integrating into mitochondrial membranes.
PI3K/Akt activation also phosphorylates Bim, leading to
dissociation of Bim from Bcl2. In addition, activation of
PI3K/Akt may be a negative feedback regulator that
prevents excessive innate immune and/or inflammatory
responses.47,48

We have previously reported that treatment of cardiomyo-
blasts with CPG-ODN induced TLR9 tyrosine phosphorylation
followed by association with the p85 subunit of PI3K,20,23

resulting in activating PI3K/Akt signaling. We have observed
in the present study that CpG-ODN-induced activation of
PI3K/Akt signaling both in vivo and in vitro cultured microglial
cells, indicating that activation of the PI3K/Akt signaling
pathway may contribute to the CpG-ODN-induced protective
effect against cerebral I/R injury. To evaluate our hypothesis,
we treated mice with a PI3K specific inhibitor, LY294002,
before CpG-ODN administration. We observed that PI3K
inhibition completely abolished CpG-ODN-induced protection
against cerebral I/R injury. The data suggests that CpG-ODN-
induced protection against cerebral is mediated via the PI3K/
Akt dependent mechanisms.

In summary, administration of CpG-ODN significantly
decreased I/R-induced infarct volume and improved neuro-
logical score following cerebral I/R. Therapeutic administra-
tion of CpG-ODN also markedly reduced I/R-induced infarct
volume. CpG-ODN-induced protection against cerebral I/R
injury is mediated through activation of PI3K/Akt signaling.
The data suggest that the CpG-ODN may be a new
approach for the management and treatment of cerebral
I/R injury.
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