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Abstract

Recent studies have indicated that type 2 cannabinoid receptor (CB2R) agonists reduce
neurodegeneration after brain injury through anti-inflammatory activity. The purpose of this
study was to examine the time-dependent interaction of CB2R and inflammation in stroke
brain. Adult male rats were subjected to right middle cerebral artery occlusion (MCAO0).
CB2R mRNA expression was significantly elevated >20 fold on day 2, peaked >40-fold on
day 5, and normalized on day 10 post-stroke. Inflammatory markers IBA1 and TLR4 were
significantly upregulated 15 fold until day 5 after MCAo. Because of the delayed upregula-
tion of CB2R and IBA1, we next treated animals daily with CB2R agonist AM1241 or anti-
inflammatory PPAR-y agonist pioglitazone from 2 to 5 days after MCAo. Delayed treatment
with pioglitazone significantly reduced abnormal neurological scores and body asymmetry
as well as brain infarction in stroke animals. No behavioral improvement or reduction in
brain infarction was found in animals receiving AM1241. Pioglitazone, but not AM1241, sig-
nificantly reduced IBA1 expression in the stroke cortex, suggesting that delayed treatment
with AM1241 failed to alter ischemia-mediated IBA-1 upregulation. In contrast, pretreatment
with AM1241 significantly reduced brain infarction and neurological deficits. In conclusion,
our data support a time-dependent neuroprotection of CB2 agonist in an animal model of
stroke. Delayed post- treatment with PPAR-y agonist induced behavioral recovery and
microglial suppression; early treatment with CB2R agonist suppressed neurodegeneration
in stroke animals.

Introduction

Two types of cannabinoid (CB) receptors, CB1R and CB2R, have been identified. CBIR is
expressed in the brain [1,2] and the periphery. CB2R is highly expressed in immune cells in
peripheral tissue [3] and has been considered to be predominately a peripheral CB receptor. A
few studies have reported that CB2R is also present in the CNS [4,5]. CB2R mRNA or immu-
noreactivity was found in cerebellar neurons, hippocampal cells [6,7], and perivascular micro-
glia in brain [8]. Microglial activation is associated with CB2 upregulation in response
inflammation in CNS [9].
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Increasing evidence has supported neuroprotective roles of CB receptors in stroke [10].
Treatment with CBR agonist delta-tetrahydrocannabinol (THC) or R (+)WIN55212-2 reduced
cerebral infarction, neuronal loss, and neurological deficits in experimental stroke animals
[11-13]. Ischemia also modulates the expression of CB1R in brain. CB1R immunoreactivity
was regionally enhanced in cortex above corpus callosum from 2 to 72 hours after proximal
middle cerebral artery occlusion (MCAo) in rats [14]. On the other hand, CB1R mRNA was
reduced at 5 hours in adult rats [15] or not changed at 24 hours in neonatal rats [16] after
MCAo. Knocking out CB1R enhanced cerebral infarction and neurological deficits after stroke
[17]. Non-selective CBR agonist R(+)-WIN 55212-2 —mediated protection was antagonized by
a CBIR antagonist in stroke rats [13]. Since N-methyl d- aspartate (NMDA) caused more sever
brain lesion in the CB1R knock-out mice, compared with the wild-type controls, it has been
suggested that CBIR induced protection through regulating excitotoxicity [17]. Interestingly,
CBIR antagonist SR141716 or LY32013 also reduced infarction or improved neurological
function in stroke animals [18]. The discrepancies among these studies may attribute to the dif-
ferences in animal species and stroke models used.

CB2R activation has been more consistently reported after brain injuries. CB2R -mediated
protection has been attributed to the suppression of microglial activation [19,20]. The CB2R
agonist 0-1966, given at 1 and 24 h after cortical contusion impact injury, reduced cerebral
edema and microglial cell activation in C57BL/6 mice [21]. Overexpression of CB2R reduced
microglia recruitment and dopaminergic neural degeneration in a 6-hydroxydopamine mouse
model of Parkinson’s disease [22]. The protective action of CB2R has also found in animal
models of stroke [23]. Systemic administration of the CB2 agonist JWH-133 at 10 minutes
after a permanent MCAo suppressed the microglia marker IBA-1, neurological symptoms and
infarct volume at 15 to 48 hours post stroke [15]. These data suggest that selective CB2R ago-
nists reduced neurodegeneration associated with inflammation within 2 days post stroke.
CB2R also induces neuroprotection through other mechanisms, including regulation of astro-
glial reactivity [24] or suppression of glutamate release [25]. As necrotic cells trigger a sterile
inflammatory response [26], CB2R agonists may indirectly suppress inflammation through the
reduction of cell necrosis in stroke brain

The purpose of this study was to examine the time-dependent interaction of CB2R and
inflammation in stroke brain. We demonstrated that CB2R, IBA1, and TLR4 mRNA expres-
sion peaked at 5 days after MCAo. Delayed treatment with the anti-inflammatory PPAR-y ago-
nist pioglitazone, but not the CB2R agonist AM1241, reduced IBA1 expression in the stroke
cortex and improved neurological function while pretreatment with AM1241 reduced brain
damages. Our data support a time-dependent neuroprotective action of CB2R agonist for
stroke.

Materials and Methods
Animals and MCAo

Adult male Sprague-Dawley rats, purchased from Charles River Laboratories Inc., were housed
in an enriched environment by providing a toy (nylabone) or crinkle paper in their home cages
with a 12 hour dark (6 pm to 6 am) and 12 hour light (6 am to 6 pm) cycle. This study was car-
ried out in accordance with the recommendations in the Guide for the Care and Use of Labora-
tory Animals of the National Institutes of Health. The protocol was approved by the
Committee on the Ethics of Animal Experiments of the National Health Research Institutes.
All surgery was performed under anesthesia, and all efforts were made to minimize suffering.
Rats were anesthetized with chloral hydrate (0.4 g/kg, i.p.). The right MCA was ligated with a
10-O suture and common carotids were clamped bilaterally by nontraumatic arterial clips to
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generate focal infarction in the cerebral cortex. The ligature and clips were removed after 30-
or 60-min ischemia to allow reperfusion as previously described [27,28]. Core body tempera-
ture was maintained at 37°C. The average size of lesion was 190-200 mm® in the right cerebral
cortex at 2 days after 60 min occlusion, as determined by T2WT as described previously
[27,29]. No animal died during surgery or post-stroke drug treatment. In animals receiving 30-
min MCAo on day 0, brain tissue were collected for QRTPCR analysis on days 1, 2, 5 and 10
after stroke surgery.

Methods of sacrifice: Animals were anesthetized with isoflurane or chloral hydrate followed
by decapitation.

Drug administration

i. Post-treatment. Animals were separated into 3 groups equal based on behavioral analysis 2
days after a 60-min MCAo. Saline, CB2R agonist AM1241 (2.5 mg/kg/d) [30], or PPAR-
gamma agonist pioglitazone (1 mg/kg/d) were given intraperitoneally to the animals [31]
from days 2 (after the behavioral test) to 5 after MCAo. Brain tissue was harvested for
qRTPCR analysis on day 6.

ii. Pre-treatment. Saline or CB2R agonist AM1241 (2.5 mg/kg) was given intraperitoneally to
the animals at 5-min prior to a 60-min MCAo. Brain tissue was harvested for TTC analysis
two days after MCAo.

Quantitative reverse transcription-PCR (gRT-PCR)

A 2-mm coronal section covering anterior commissure (4-6 mm from the rostral end) was har-
vested from each brain. Brain slices were cut into two pieces along the midline. Total RNA
from left and right cortices of stroke and control rats were isolated using the TRIzol Reagent.
RNA integrity numbers (RIN) were measured by Agilent 2100 Bioanalyzer (Agilent Technolo-
gies, Santa Clara, CA). The single strand cDNAs were synthesized using the Superscript III
first-strand cDNA synthesis kit according to the manufacturer’s protocols (Invitrogen, Life
Technologies, Carlsbad, CA). TagMan probes (Table 1) for rat CBIR and CB2R were designed
using ABI Primer Express 3.0 (Applied Biosystems, Life Technologies, Carlsbad, CA) at the
splicing junctions of the rat CB1R and CB2R isoforms. The duplex PCR assays, containing
both the target and endogenous control probes (Table 1), were carried out in a 7500 Fast Taq-
Man instrument using a default thermo-cycling program. The relative quantification calcula-
tion is according to ABI user bulletin #2. The target gene Ct value was subtracted from the
endogenous control Ct value to obtain the delta-Ct value. The fold change of the left cortex was
used for reference and subtracted from delta-CT of the normalized target genes in the right site
cortex to obtain delta-delta-Ct values. The relative fold change is calculated using the formula

Table 1. List of qPCR TagMan probes and primers.

Gene TaqMan probe Forward primer Reverse prime

CB1R TGAGAAGGGGTTCC GTGCCGAGGGAGCTTCTG GACTCAAGGTGACTGAGAAAGA
CB2R CTGACAAATGACTCCCAGTC CAGGACAAGGCTTCACAAGAC GACAGGCTTTGGCTGCTTCTAC
TLR4 TGCATAGAGGTACTTCCTAAT CCTGAGACCAGGAAGCTTGAA TCTGATCCATGCATTGGTAGGT
GAPDH CTCATGACCACAGTCCA GACAACTTTGGCATCGTGGAA CACAGTCTTCTGAGTIGGCAGTGA
IBA1 Rn00574125_g1

doi:10.1371/journal.pone.0132487.1001
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g (delta-delta-CH) The efficiency of the target genes and the GAPDH probe amplifications was val-
idated to be approximately equal against different concentrations of total RNA.

Behavioral measurements

Two behavioral tests were conducted on days 2 and 6 after MCAo. All measurements were
done by blinded observers.

a. Body asymmetry was analyzed using an elevated body swing test [32]. Rats were examined
for lateral movements/turning when their bodies were suspended 20 cm above the testing
table by lifting their tails. The frequency of initial turning of the head or upper body contra-
lateral to the ischemic side was counted in 20 consecutive trials. The maximum impairment
in body asymmetry in stroke animals is 20 contralateral turns/20 trials. In non-stroke rats,
the average body asymmetry is 10 contralateral turns/20 trials (i.e., the animals turn in each
direction with equal frequency) [27].

b. Neurological deficits were also evaluated using Bederson’s score [33]. In a postural reflex
test, rats were examined for the degree of abnormal posture when suspended 20-30 cm
above the testing table. They were scored according to the following criteria.

0. Rats extend both forelimbs straight. No observable deficit.
1. Rats keep the one forelimb to the breast and extend the other forelimb straight.

2. Rats show decreased resistance to a lateral push in addition to the behavior in score 1
without circling.

3. Rats twist the upper half of their body in addition to behavior in score 2.

Primary cultures of rat cortical neurons and immunocytochemistry

Primary cultures were prepared from embryonic (E14-15) cortical tissues obtained from timed
pregnant Sprague-Dawley rats. After removing the blood vessels and meninges, pooled cortices
were trypsinized (0.05%; Invitrogen, Carlsbad, CA) for 20 min at room temperature. After rins-
ing off trypsin with prewarmed DMEM (Invitrogen), cells were dissociated by trituration,
counted and plated into 96-well (5.0 x10*/well) cell culture plates pre-coated with polyethyle-
neimine (Sigma-Aldrich). The culture plating medium consisted of neurobasal medium sup-
plemented with 2% heat-inactivated fetal bovine serum (FBS), 0.5 mM L-glutamine, 0.025mM
L-glutamate and 2% B27 (Invitrogen). Cultures were maintained at 37°C in a humidified atmo-
sphere of 5% CO, and 95% air. The cultures were fed by exchanging 50% of media with feed
media (neurobasal medium, Invitrogen) with 0.5 mM L-glutamate and 2% B27 with antioxi-
dants supplement on days in vitro (DIV) 3 and 5. Cultures were fed with neurobasal media
containing B27 supplement without antioxidants (Invitrogen) on DIV 7 and 10. Cultured cells
were treated with glutamate (100 uM), AM1241 (10 uM), or pioglitazone (10 uM) on DIV 10
for 48 h and were fixed for microtubule-associated protein-2 (MAP2) immunostaining on DIV
12. After removing 4% PFA solution, cells were washed with phosphate-buffered saline (PBS).
Fixed cells were treated with blocking solution [2% bovine serum albumin (BSA),0.1% Triton
X-100 (Sigma, St. Louis, MO, USA) and 5% goat serum in PBS] for 1 hour. The cells were incu-
bated for 1 day at 4°C with a mouse monoclonal antibody against MAP2 (1:500, Millipore, Bil-
lerica, MA, USA) and then rinsed three times with PBS. The bound primary antibody was
visualized using Alexa Fluor 488 goat anti-mouse secondary (Invitrogen). Images were
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acquired using a monochrome camera Qil-mc attached to the Nikon TE2000-E inverted
microscope.

Hematoxylin and eosin (H&E) and immunostaining

Animals were perfused intracardially with 4% paraformaldehyde (Sigma-Aldrich; 100 ml/min-
ute) in 0.1 M phosphate buffer (PB; Sigma-Aldrich), pH 7.3. Brains were removed from the
skull, postfixed for 18-20 hours at 4°C, rinsed with PB and sequentially transferred to 10%,
20%, and 30% sucrose solutions. Brains were then frozen on dry ice and sectioned on a cryostat
to obtain coronal sections of 30 pum in thickness.

H&E staining. Brain sections were mounted on gelatin-coated slides and dried. Hematox-
ylin QS (H-3404; Vector Laboratories, Burlingame, CA, USA) was applied to each slide for
Imin at room temperature. After washing, slides were incubated with 1% eosin Y solution
(Vector Laboratories) for 1 min. Slides were washed again and then covered using cytoseal 60
(Thermo Scientific, Waltham, MA, USA). The area of infarction was quantified and averaged
in three consecutive brain sections with a visualized anterior commissure per each animal.

Immunostaining. Brain sections were rinsed in phosphate buffer (PB; Sigma-Aldrich)
and were blocked with 4% bovine serum albumin (BSA; Sigma-Aldrich) with 0.3% Triton X-
100 (Sigma-Aldrich) in 0.1 mol/L PB. Sections were then incubated with monoclonal anti-ion-
ized calcium-binding adapter molecule 1 (IBA1; 1:100, Chemicon, Billerica, MA, USA),mono-
clonal anti-CD4 (CD4; 1:100, GenWay Biotech, San Diego, CA, USA) or polyclonal anti-
CD8A (CD8A; 1:100, MyBiosource Inc, San Diego, CA, USA) at 4°C overnight. Sections were
rinsed in 0.1 mol/L PB and incubated in Alexa Fluor 568 secondary antibody solution (1:500;
Invitrogen, Carlsbad, CA, USA). Control sections were incubated without primary antibody.
Brain sections were mounted on slides and coverslipped. Confocal analysis was performed
using a Nikon D-ECLIPSE 80i microscope (Melville, NY, USA) and EZ-C1 3.90 software. The
optical density of IBA1 immunoreactivity, CD4, and CD8 fluorescence was quantified in three
consecutive brain sections with a visualized anterior commissure in each animal. Six and three
photomicrographs were taken along the peri-lesioned region and core area per brain slices;
IBA1, CD4, and CD8 optical density were analyzed by NIS-Elements AR 3.2 Software (Nikon)
and were averaged in each brain for statistical analysis. All histological measurements were
done by blinded observers.

Triphenyltetrazolium chloride (TTC) staining

Two days after reperfusion rats were decapitated. The brains were removed and sliced into
2.0-mm-thick sections. The brain slices were incubated in a 2% TTC solution (Sigma,

St. Louis) for 15 min at room temperature and then transferred into a 4% paraformaldehyde
solution for fixation. The area of infarction in each slice was measured with a digital scanner
and Imagetools programs (University of Texas Health Sciences Center). The volume of infarc-
tion in each animal was obtained from the product of average slice thickness (2 mm) and the
sum of infarction areas in all brain slices examined.

Statistical analysis

Values are expressed as means + s.e.m. Shapiro-Wilk test was used to examine the normality.
Student’s t test, 1- and 2-way ANOVA tests were used for statistical analysis. ANOVA on
ranks was used when the normality assumption was violated. Post-hoc Newman-Keuls test was
used for all pairwise multiple comparisons. A statistically significant difference was defined as
p < 0.05.
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Results

Time-dependent activation of CB1R, CB2R, TLR4, and IBA1 after stroke

Adult rats (n = 24) were used to examine the expression of CB2R, CB1R, TLR4, and IBA1. We
previously demonstrated that a 30-min distal MCAo produced minimal brain infarction in
adult rats [34]. To reduce the confounding interferences of the infarcted tissue, time-dependent
mRNA expression was examined in animals receiving a 30-min right MCAo. Animals were
euthanized on Days 1, 2, 5 and 10 after stroke surgery (n = 6 per each time point). An addi-
tional 7 rats were used as non-stroke controls.

We found that the expression of CB2R in the contralateral cerebral cortex of stroke rats was
not different from that in the non-stroke animals (Sl Fig). The mRNA signals in the contralat-
eral cortex were used as an internal control for comparison and were normalized to the mean
mRNA level in the non-lesioned cortex collected on day 1. CB2R mRNA expression in the
ischemic cortex (R, right cortex), comparing to the non- ischemic cortex (L, left cortex), was
significantly increased to 10 fold on day 1, 25 folds on day 2, and 40 fold on day 5 (Fig 1A,
p<0.05, two-way ANOVA on Rank + Newman-Keuls post hoc test). CB1R expression was not
changed on day 2. Its expression was slightly (<1 fold) but significantly reduced on days 1, 5
and 10 (Fig 1B, p<0.05).

In contrast to CB2R, the upregulation of IBA1 and TLR4 was less prominent after stroke.
The IBA1 expression was significantly enhanced on day 5 and returned to control on day 10
post-stroke (Fig 1C, p<0.05). A similar pattern of TLR4 mRNA expression was found after
stroke (Fig 1D). The expression of TLR4 and IBA1 was both increased to 15 folds on day 5 in
the ischemic cortex. The expression of CB2R, IBA1 or TLR4 returned to the basal level on day
10. These data suggest that CB2R, compared to IBA1 or TLR4, was upregulated much earlier
(day 2 vs. day 5) and more prominent (>40 fold vs. 15 fold) by stroke.

Delayed treatment with pioglitazone reduced neurodegeneration in
stroke rats

Because the upregulation of CB2R, IBA1, and TLR4 occurred between days 2 and 5 post-stroke,
we next treated animals with the CB2R agonist AM1241 (2.5 mg/kg/d) [30], the anti-inflam-
matory agent pioglitazone (1 mg/kg/d) [31], or vehicle from days 2 to 5. All animals received a
60-min MCAo since maximal cerebral infarction, and neurological deficits were found after 60
min distal MCAo in adult rats [34].

i. Body asymmetry was examined in 28 stroke rats on days 2 (before drug treatment) and 6
(one day after a 4-day drug treatment). Elevated body swing test [35] was used to examine
body asymmetry in 20 trials per each animal. Previous studies have shown that there is
almost no body asymmetry in non-stroke rats [36].All animals demonstrated close to 90%
body asymmetry at 2 days after MCAo (Fig 2C). No difference was found among groups
before treatment (p = 0.726, one-way ANOVA). After treatment with pioglitazone, there
was a significant reduction in body asymmetry (Fig 2C, p = 0.008, one-way ANOVA on
Ranks; p = 0.006, posthoc Newman-Keuls test). In contrast, AM1241 did not significantly
alter body asymmetry on day 6 (p = 0.158, Fig 2A).

ii. Bederson’s neurological test [33] was carried out on days 2 and 6 after MCAo in 28 rats. No
difference was found prior to drug treatment on day 2 (p = 0.127), and Bederson’s score was
close to 2.5. Treatment with pioglitazone significantly reduced Bederson’s score on day 6
post-MCAo (Fig 2D, p = 0.001, one-way ANOVA on Ranks; p = 0.001, posthoc Newman-
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Fig 1. Time-dependent changes of IBA1, TLR4, CB1 and CB2 mRNA in the ischemic cortex . Animals received a 30-min right middle cerebral artery
occlusion. The expression of IBA1, TLR4, CB1 and CB2 mRNA in the ischemic cortex (R, right cortex) was normalized to the non- ischemic cortex (L, left
cortex). (A) IBA1 and (B) TLR4 mRNAs were significantly increased up to 15 fold on day 5 and returned to control levels on day 10 post-stroke. (C) CB1R
expression was slightly (<1 fold) but significantly reduced on days 1, 5 and 10. (D) CB2R mRNA was significantly increased to 10 fold on day 1, 25 fold on day

2, and 40 fold by day 5.
doi:10.1371/journal.pone.01324
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doi:10.1371/journal.pone.0132487.9002

2.0

Body assymmetry in 20 trials
Bederson's Neurological Score

Keuls test). No significant difference was found between vehicle and AM1241 treatment
groups.

iii. Brain infarction: Additional 18 rats were sacrificed on day 6 after MCAo. Brain sections
were stained by H&E. The area of infarction in brain slices was quantified every 2 mm from
the rostral end (Fig 2A). Delayed post treatment with pioglitazone significantly reduced
brain lesion (p<0.001, two-way ANOV A+ Newman-Keuls test, Fig 2B). No significant dif-
ference was found between vehicle and AM1241 treatment groups (p = 0.263, Fig 2B).

iv. IBA1 mRNA expression in stroke brains: The expression of IBA1 was examined in 16
stroke rats receiving 4-day treatment with vehicle (n = 6), pioglitazone (n = 5), or AM1241
(n = 5). Brain tissues were collected on day 6 after a 60-min MCAo. Pioglitazone signifi-
cantly reduced IBA1 expression in the ischemic cortex (p = 0.023, Fig 3). Delayed post-
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Fig 3. Post-treatment with pioglitazone attenuated the expression of IBA1 mRNA in lesioned cortex.
Cortical tissue was collected on day 6. A significant reduction in IBA1 mRNA levels was found in rats
receiving pioglitazone treatment (p = 0.023). IBA1 level was not altered by AM1241 treatment (p = 0.227).

doi:10.1371/journal.pone.0132487.g003

stroke treatment with AM1241 did not significantly alter ischemia-mediated IBA1 expres-
sion (p = 0.227, Fig 3).IBA1, CD4, and CD8 immunoreactivity:

v. IBA1 immunoreactivity was examined in 18 stroke rats on day 6 post-stroke. Using the

selective microglia marker IBA1, we found that the density of IBA-1-immunofluoresence
(IF) was greatly increased in the core (Fig 4G) and peri-lesioned area (Fig 4B) in the ische-
mic cortex, as compared to the corresponding sites in the non-lesioned side cortex (Fig 4E).
High magnification images indicated that resting microglia exhibited ramified morphology
in the non-lesioned side cortex (Fig 4E, insert) while de-ramified or amoeboid microglial
cells were found in the lesion core (Fig 4G, insert) or peri-lesioned area (Fig 4B, insert) in
animals receiving vehicle. Post-treatment with AM1241 or pioglitazone did not alter
IBA1-IF in the lesioned core (Fig 4H, 41 and 4F). In the peri-lesioned area, pioglitazone sig-
nificantly reduced the IBA1-IF as well as morphological activation of microglia in the peri-
lesioned area (Fig 4D & 4F, insert). AM1241, less potent than pioglitazone, also reduced
IBA1-IF in this area (Fig 4C). IBA1-IF pixel density in the peri-lesioned zone was further
analyzed in 18 rats. Pioglitazone, compared to vehicle, significantly reduced the averaged
IBAI-IF (p<0.001, one way ANOVA + Newman-Keuls test; Fig 4F, Left). A significant
reduction in IBA1-IF was found in animals treated pioglitazone, compared to AM1241

(p =0.014, one-way ANOVA + Newman-Keuls test; Fig 4F, Left), suggesting that pioglita-
zone was more potent than AM1241 to reduce IBA1-IF in peri-lesioned area.

vi. CD4 and CD8 immunoreactivity was examined in 18 rats on day 6.CD4 and CD8-IF pixel

density was greatly enhanced in the core of lesioned cortex; AM1241 or pioglitazone did
not alter CD4 and CD8 immunoreactivity in this region (data not shown). Post-treatment
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areas in the ipsilateral cortex in each brain section with a visualized anterior commissure were used to compare IBA1 activity in all brain samples. (B-D) In the
peri lesioned area, IBA1 immunoreactivity was greatly increased, comparing to (E) the non-lesioned side cortex. (B, insert) High magnification images
indicated that de-ramified microglial cells in the peri lesioned region. (E, insert) In the non-lesioned side cortex, resting microglia exhibited ramified
morphology. (D) Post-treatment with pioglitazone greatly reduced the IBA1 immunoreactivity and (D, insert) morphological activation of microglia in the peri-
lesioned area. (C) AM1241 partially reduced IBA1 immunoreactivity. (F) The IBA1-immunofluorescence (IF) was quantified in three consecutive brain
sections with a visualized anterior commissure in each animal. Averaged IBA1-IF pixel density in the peri-lesioned zone was significantly reduced by
pioglitazone (p<0.001, Left panel). A significant reduction in IBA1-IFwas found in animals treated pioglitazone, compared to AM1241 (p = 0.014), suggesting
that pioglitazone was more potent than AM1241 to reduce IBA1 immunoreactivity in the peri-lesioned area. (G-1) In the lesioned core, treatment with (H)
AM1241 or (I) pioglitazone did not alter IBA1-IF. (F, right panel) Averaged IBA1-IF pixel density in the core was not affected by AM1241 or pioglitazone.

doi:10.1371/journal.pone.0132487.9004
with pioglitazone or AM1241 significantly reduced the CD4- and CD8-IF in the peri-

lesioned area in 18 animals studied (CD4: Fig 5A-5D; CD8 Fig 5E-5H, p<0.05, one-way
ANOVA). No difference was found among groups before treatments.

Pretreatment with CB2 agonist AM1241 reduced glutamate—mediated
neurodegeneration in primary cortical neurons

Primary cortical neuronal cultures (DIV10) were treated with AM1241 (10 -M), pioglitazone
(10 -M), or vehicle at 5 min prior to glutamate (100 -M). Two days later, cultured cells were
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Fig 5. Post-treatment with pioglitazone or AM1241 reduced CD4 and CD8 immunoreactivity in the
peri-lesioned area. (A-C) CD4 and (E-G) CD8 cells were found in the peri-lesioned cortex on day 6 after
MCAo. Post-treatment with AM1241 or pioglitazone attenuated CD4 and CD8 immunoreactivity. Averaged
(D) CD4 or (H) CD8 optical density in the peri-lesioned zone was significantly reduced by AM1241 or
pioglitazone, compared with vehicle treatment (p<0.05, one-way ANOVA). No difference was found between
pioglitazone or AM1241 treatments.

doi:10.1371/journal.pone.0132487.g005
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Fig 6. Pretreatment with AM1241 or pioglitazone preserved MAP2-immunoreactivity following exposure to glutamate in neuronal culture. (A)
Photomicrographs of MAP2+ neurites in primary cortical cultures. MAP2-immunofluorescence was greatly diminished after exposure to glutamate.
Pretreatment with AM1241 or pioglitazone attenuated the glutamate-related loss of MAP2 immunoreactivity. (B) Quantitation of MAP2-immunofluorescent
pixel density. Glutamate significantly reduced MAP2- immunofluorescence pixel density in cortical cultures. AM1241 was more potent than pioglitazone to
antagonize glutamate-mediated loss of MAP2 immunoreactivity. (*p<0.05, one-way ANOVA).

doi:10.1371/journal.pone.0132487.9006

fixed for MAP2 immunostaining. Treatment with glutamate significantly reduced MAP2-IF,

which was antagonized by AM1241 or pioglitazone (p<0.001, one way ANOVA + Newman-
Keuls test, Fig 6). AM1241 was more potent than pioglitazone to antagonize glutamate-medi-
ated loss of MAP2-IF. (p = 0.003, one-way ANOVA + Newman-Keuls test, Fig 6B).

Pretreatment with CB2 agonist AM1241 reduced behavioral deficits and
brain infarction in stroke rats

Rats were treated with AM1241 (2.5 mg/kg, n = 7) or vehicle (n = 7) at 5-min prior to MCAo.
Neurological tests were evaluated on day 2 post-stroke. Pretreatment with AM1241 signifi-
cantly reduced Bederson’s neurological scores (p = 0.011, t-test, Fig 7D). There was a trend
toward significance in the reduction of body asymmetry by AM1241 (p = 0.073, t-test, Fig 7C).
All animals (n = 14) were sacrificed after the behavioral test for TTC staining. The area of
infarction in brain slices was quantified every 2 mm from the rostral end (Fig 7A). Pretreat-
ment with AM1241 significantly reduced brain infarction (p<0.001, two-way ANOVA+
Newman-Keuls test, Fig 7B).

Discussion

In this study, we reported that post-treatment with pioglitazone, but not AM1241, from days 2
to 5 reduced brain infarction and attenuated neurological deficits in stroke animals. In contrast,
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Fig 7. Pretreatment with CB2 agonist AM1241 reduced behavioral deficits and brain infarction in
stroke rats. Rats were treated with AM1241 (2.5 mg/kg, n = 7) or vehicle (n = 7) at 5-min prior to MCAo. (A)
Representing TTC histology taken at day 2 after MCAo indicates that the size of the lesion was reduced in an
animal receiving AM1241. (B) The area of infarction in brain slices was quantified every 2 mm from the rostral
end. AM1241 significantly reduced brain lesion (p<0.001, two-way ANOVA+ Newman-Keuls test). (C, D)
Neurological tests were evaluated on day 2 post-stroke. Pretreatment with AM1241 significantly reduced (D)
Bederson’s neurological scores (p = 0.011) and (C) marginally mitigated body asymmetry (p = 0.073).

doi:10.1371/journal.pone.0132487.g007

pre-treatment with AM1241 reduced brain damages. Our data support a differential protective
reaction of anti-inflammatory agent pioglitazone and CB2R agonist AM1241 in stroke brain.
The effectiveness of protection of CB2R agonist is affected by the timing of treatment.

TLR4 is a toll-like receptor (TLR), which initiates innate immune responses. TLR4 is present
mainly on microglia and astrocytes in the CNS after inflammation or MCAo [37,38]. Defi-
ciency in TLR4 reduced infarction and inflammation after MCAo [32]. Although TLR4 is not
present in neurons, its activation leads to neuronal death in the presence of microglia [37]. In
this study, we demonstrated that the expression of and TLR4, similar to IBA1, was significantly
increased on day 5 in stroke brain. Our data may support a delayed onset of inflammation at
days after MCAo [19, 20].

Previous studies have shown that CB2R is mainly present in microglia [5] and activation of
microglia is associated with CB2 upregulation in response to inflammation in CNS [6]. Since
ischemic brain injury can induce neurodegeneration through inflammation, the expression of
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CB2R and the microglial marker IBA1 after ischemic brain injury were examined in this study.
We demonstrated that both IBA1 and CB2R were upregulated after MCAo. The expression
profiles of CB2R and IBA1 was similar that both gradually increased from day 1 to day 5

and then returned to basal level on day 10. The efficacy of CB2R expression was much higher
than IBA1 after stroke. CB2R, compared to IBA1, was upregulated much earlier (day 2 vs. day
5) and more prominent (>40 fold vs. 15- fold) by stroke. Since CB2R has also been found in
neurons [6,7], it may be of interest to further investigate the expression of CB2R protein in
neurons and microglia in the brain following stroke with selective and reliable antibody for
CB2R.

AM 1241 is a relatively specific CB2 agonist [39,40] with more than 100 fold selectivity over
CB1 receptor [41]. In this study, we applied pioglitazone (1 mg/kg) or AM1241 (2.5 mg/kg)
during the CB2R, TLR4 and IBA1 activation periods from 2 to 5 days after MCAo. It has been
shown that pioglitazone suppressed inflammation in stroke brain without altering blood glu-
cose level [31] and AM1241 attenuated neuroinflammation induced by repeated morphine
administration at these doses [30]. We found that post-treatment with pioglitazone signifi-
cantly reduced brain infarction, neurological score, and IBA1 expression, suggesting a neuro-
protective effect through the suppression of inflammation. AM1241 slightly reduced CD4 and
CD8 lymphocyte infiltration in the peri-lesioned area but failed to alter brain infarction, neuro-
logical deficits and IBA1 mRNA expression in stroke brain. AM1241 was also less effective
than pioglitazone in reducing microglia activation in the peri-lesioned area. These data suggest
that delayed post-stroke treatment with a CB2R agonist AM1241 cannot efficiently suppress
microglial activation, brain damages or behavioral deficits in stroke animals. In contrast,
AM1241, given at 5-min before MCAo, significantly reduced the area of infarction and neuro-
logical symptoms in stroke rats. A similar report has also indicated that CB2 agonists, given
either before or 10 min after the beginning of MCAo, reduced the microglial activation, neuro-
logical symptoms, and infarct volume [15], suggesting that early treatment with CB2 agonists
reduced ischemic brain injury. Taken together, these data support a time-dependent neuropro-
tection of CB2R agonist in stroke.

CB2R -mediated protection has been commonly associated with the suppression of micro-
glial activation [19,20]. However, other mechanisms may also be involved. For example, CB2R
agonist COR167 reduced oxygen-glucose deprivation (OGD)-promoted glutamate release in rat
brain cortical slices [25]. CB2R agonist, JWHO15 significantly protected human retinal pigment
epithelial cells from oxidative damage [42]. CB2R antagonist AM630 abolished the antioxidant
and cytoprotective effect of f-Caryophyllene against glutamate excitotoxicity in C6 glioma cells
[43]. Pretreatment with CB2 agonist O-1966 attenuated adhesion molecule expression and
blood-brain barrier disruption during cerebral ischemic and reperfusion injury [44]. In our ani-
mal study, we found that AM1241 protected against ischemic brain damage before the upregula-
tion of IBA1 or TLRA4. In the in vitro study, pre-treatment with AM1241 was more potent than
pioglitazone in reducing glutamate-mediated neuronal damages in primary cortical culture,
which contained minimal microglia. These data suggest that AM1241 pretreatment-mediated
neuroprotection may not exclusively involve microglial suppression. As inflammation can be
triggered by cell necrosis [26], CB2R agonists may also indirectly suppress inflammation
through the reduction of cell necrosis in stroke brain.

In summary, our data support a time-dependent neuroprotection of CB2R agonist and
upregulation of CB2R in an animal model of stroke. Delayed post-stroke treatment with a
CB2R agonist was insufficient to suppress brain infarction or induce behavioral recovery while
early treatment with CB2R agonist reduced ischemic brain injury. Elucidating the cellular dis-
tribution and physiological function of CB2R upregulation at days after MCAo will be impor-
tant to further characterize the complex roles of CB2R in stroke brain.
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S1 Fig. CB2 mRNA expression in the ischemic (right) and non-ischemic (left) side cortex of
stroke rats as well as in the cerebral cortex of naive rats. Stroke animals received a 30-min
right MCAo. CB2R mRNA was significantly increased to 25 fold on day 2, and 40 fold by day
5. No difference was found between brain tissue collected from the naive animals and left cor-
tex from the stroke rats.
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