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Abstract

Early brain injury (EBI) which comprises of vasogenic edema and apoptotic cell death is an

important component of subarachnoid hemorrhage (SAH) pathophysiology. This study evaluated

whether Cannabinoid receptor type 2 (CB2R) agonist, JWH133, attenuates EBI after SAH and

whether CB2R stimulation reduces pro-apoptotic caspase-3 via up-regulation of cAMP response

element-binding protein (CREB)-Bcl-2 signaling pathway. Male Sprague Dawley rats (n=123)

were subjected to SAH by endovascular perforation. Rats received vehicle or JWH133 at 1 hour

after SAH. Neurological deficits and brain water content were evaluated at 24 hours after SAH.

Western blot was performed to quantify phosphorylated CREB (pCREB), Bcl-2, and cleaved

caspase-3 levels. Neuronal cell death was evaluated with terminal deoxynucleotidyl transferase-

mediated uridine 5′-triphosphate-biotin nick end-labeling staining. Additionally, CREB siRNA

was administered to manipulate the proposed pathway. JWH133 (1.0 mg/kg) improved

neurological deficits and reduced brain water content in left hemisphere 24 hours after SAH.

JWH133 significantly increased activated CREB (pCREB) and Bcl-2 levels and significantly

decreased cleaved caspase-3 levels in left hemisphere 24 hours after SAH. CREB siRNA reversed

the effects of treatment. TUNEL positive neurons in the cortex were reduced with JWH133

treatment. Thus, CB2R stimulation attenuated EBI after SAH possibly through activation of

pCREB-Bcl-2 pathway.
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Introduction

Subarachnoid hemorrhage (SAH), with a case fatality rate of around 50%, occurs in

approximately 85% cases due to rupture of an intracranial aneurysm (van Gijn et al., 2007).

Aneurysmal rupture initiates global ischemia due to elevated intracranial pressure and

reduced cerebral blood flow which leads to early brain injury (EBI). EBI is compounded by

inflammation, oxidative stress, ionic disturbances, which leads to blood brain barrier (BBB)

disruption and subsequent vasogenic edema as well as neuronal apoptosis resulting in

neurological deterioration after SAH (Fujii et al., 2013). Therefore, therapies that decrease

BBB disruption and apoptosis may provide beneficial effects for EBI following SAH (Park

et al., 2004; Zhang et al., 2012).

Recent studies have demonstrated neuroprotective properties of drugs based on marijuana-

derived cannabinoids (Cohen-Yeshurun et al., 2011). Cannabinoid receptors include the

Cannabinoid receptor type 1 (CB1R) and Cannabinoid receptor type 2 (CB2R), which are G

protein-coupled receptors expressed by neurons, vascular endothelial cells, and immune

cells (Glass and Northup, 1999; Ramirez et al., 2012). While CB1R activation accounts for

the psychoactive effects of cannabinoids (Glass and Northup, 1999), CB2R agonist showed

neuroprotective effects against experimental ischemic stroke (Murikinati et al., 2010; Zarruk

et al., 2012), encephalitis (Ramirez et al., 2012), traumatic brain injury (Amenta et al.,

2012), and in a model of remote cell death through its anti-inflammatory and anti-apoptotic

properties (Viscomi et al., 2009).

Previous studies show that CB2R activation enhances the phosphorylation of extracellular

signal-regulated kinases (ERK) 1/2 (Cohen-Yeshurun et al., 2011; Ofek et al., 2011) and

AMP-activated protein kinase (AMPK) (Choi et al., 2013). Once phosphorylated, ERK and

AMPK can in turn phosphorylate and thereby activate cAMP response element-binding

protein (CREB) (Choi et al., 2013; Ofek et al., 2011). CREB is a transcription factor that

promotes cell survival by up-regulating Bcl-2 expression and inhibiting caspase-3 activation

(Meller et al., 2005; Tokudome et al., 2004; Wilson et al., 1996). Although apoptosis plays

an important role in the pathophysiology of EBI after SAH, the specific anti-apoptotic role

of CB2R after SAH has not been explored.

In this study we tested two hypotheses: (A) CB2R agonist, JWH133, attenuates EBI and

improves neurological function after SAH. (B) CB2R stimulation activates CREB-Bcl-2

signaling pathway, which decreases pro-apoptotic caspase activation.
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Materials and Methods

Animals and Pharmacological Interventions

This experiment was a controlled in vivo laboratory study conducted in an animal research

laboratory. All protocols were approved by the Institutional Animal Care and Use

Committee at Loma Linda University in accordance with National Institute of Health

guidelines. Adult male Sprague Dawley rats (Harlan, IN) weighing 226–338 g were housed

with a 12/12 hour light/dark cycle in a temperature and humidity controlled environment.

SAH rats received vehicle (0.2 ml of ethanol with 1.8 ml of 0.9% saline) or the selective

CB2R agonist JWH133 (0.3, 1.0, or 3.0 mg/kg, Tocris Bioscience, MN; Ki value= 3.4 nM),

which was dissolved in the vehicle, by intraperitoneal injection at 1 hour after SAH. The

dose of JWH133 was selected based on previous publication (Murikinati et al., 2010). To

ensure that the anti-apoptotic effects of CB2R activation was mediated by phosphorylation

of CREB, we injected CREB small interfering ribonucleic acid (siRNA) via

intracerebroventricular route to deactivate CREB 24 hours before SAH-induction surgery.

SAH rats were injected with control siRNA or CREB siRNA and were divided into cont-

JWH and siRNA-JWH groups.

We used 123 animals in this study. The rats were randomly assigned to the following

groups: SAH + vehicle in physiological parameter study (n=5), SAH + JWH133 (1.0) in

physiological parameter study (n=5), sham-operated (sham group: n=15), SAH + vehicle

(vehicle group: n=23), SAH + JWH133 (0.3) (low-JWH group: n=10), SAH + JWH133

(1.0) (JWH group: n=25), SAH + JWH133 (3.0) (high-JWH group: n=10), control siRNA

with SAH + JWH133 (1.0) (cont-JWH group: n=7), and CREB siRNA with SAH +

JWH133 (1.0) (siRNA-JWH group: n=7). Sixteen rats died within 1 hour after SAH during

which time the rats had not received either the drug or vehicle yet.

SAH Rat Model

SAH was induced by the endovascular perforation method as previously described

(Bederson et al., 1995; Suzuki et al., 2010). Briefly, rats were anesthetized, intubated and

kept on artificial ventilation during surgery with 3% isoflurane in 70%/30% medical-air/

oxygen. Normothermia was maintained by a heating lamp. A sharpened 4-0 nylon suture

was introduced into the left internal carotid artery until resistance was felt (approximately 18

mm from the common carotid bifurcation). The suture was advanced to perforate the

bifurcation of the anterior cerebral artery and middle cerebral artery until resistance was

overcome after which the suture was immediately withdrawn. In sham-operated animals, the

suture was inserted into the left internal carotid artery and then removed without perforating

the artery. The skin incision was closed, and rats were individually housed in cages with

temperature maintained at 98 degrees Fahrenheit by a heating pad until recovery.

Buprenorphine (0.01 mg/kg) was administered subcutaneously for post-operative analgesia.

Physiological Parameters

The right femoral artery was cannulated for continuous measurement of mean arterial blood

pressure, heart rate and for blood sampling as previously described (Fujii et al., 2012).
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Arterial blood gases, pH and serum glucose was measured 15 minutes before, immediately

after, and every 30 or 60 minutes after SAH. The monitoring was continued for 120 minutes

after SAH induction.

SAH Grade

The SAH severity was evaluated in a blinded manner as previously described (Sugawara et

al., 2008). Briefly, picture of the base of the brain was taken and divided into six segments.

Each segment was sub-scored (0 to 3) depending on the amount of blood in the

subarachnoid space and a total score was calculated as the sum of all sub-scores. The score

ranged from 0 (no SAH) to 18 (severe SAH). Animals with SAH score of 7 or less were

excluded from the study as previously described (Sugawara et al., 2008).

Neurological Score

Neurological deficits were evaluated blindly using modified Garcia test (Garcia et al., 1995;

Sugawara et al., 2008). The test consisted of six parameters which included spontaneous

activity; symmetry in the movement of all four limbs; forepaw outstretching; climbing; body

proprioception; and response to vibrissae stimulation. The total score ranged from 2 to 18

(Fujii et al., 2012). Neurological score was evaluated at 24 hours after sham or SAH-

induction surgery. Additionally, neurological test was performed before the SAH-induction

surgery and at 24 hours after the surgery in rats allocated to intracerebroventricular injection

groups (cont-JWH and siRNA-JWH group).

Brain Water Content Measurement

Brain water content was measured 24 hours after SAH. Rats were sacrificed under lethal

isoflurane anesthesia, and brains were quickly removed and then separated into left

hemisphere, right hemisphere, cerebellum, and brain stem to measure brain edema as

previously described (Suzuki et al., 2010). Each part was weighed immediately after

removal (wet weight) and after drying at 100 °C for 72 hours (dry weight). The percentage

of brain water content (BWC) was calculated as [(wet weight − dry weight)/wet weight]

×100%.

Intracerebroventricular Infusion

Under 3% isoflurane anesthesia, the needle of a 10-μL Hamilton syringe (Microliter No.

701; Hamilton Company, NV) was inserted through a burr hole on the skull into the left

lateral ventricle according to the following coordinates relative to bregma: 1.5 mm posterior,

0.8 mm lateral, and 4.2 mm below the horizontal plane as previously described with

modification (Peters et al., 2009; Suzuki et al., 2010). CREB-1 siRNA or an irrelevant

control siRNA, 500 pmol each in 1μL siRNA dilution buffer (Santa Cruz Biotechnology,

CA) was injected by a microinfusion pump (Harvard Apparatus, MA) at a rate 0.5 μL/min at

24 hours before SAH-induction. The needle was removed 20 minutes after the end of

infusion, and the burr hole was plugged with bone wax. All the rats received JWH133 (1.0

mg/kg) intraperitoneally 1 hour after SAH.

Three different CREB siRNA duplexes were pooled and the sequences were as follows:
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(a) sense, 5′-CUGCAGACAUUAACCAUGA [dT][dT]-3′ and

antisense, 5′-UCAUGGUUAAUGUCUGCAG [dT][dT]-3′;

(b) sense, 5′-CAACCAAGUUGUUGUUCAA[dT][dT]-3′ and

antisense, 5′-UUGAACAACAACUUGGUUG [dT][dT]-3′;

(c) sense, 5′-GCAAGAGAAUGUCGUAGAA[dT][dT]-3′ and

antisense, 5′-UUCUACGACAUUCUCUUGC [dT][dT]-3′

The sequence of control siRNA used was as follows:

sense, 5′-UUCUCCGAACGUGUCACGU[dT][dT]-3′ and

antisense, 5′-ACGUGACACGUUCGGAGAA [dT][dT]-3′

Western Blot Analysis

Animals were euthanized at 24 hours after surgery, and left hemisphere was processed as

previously described (Suzuki et al., 2010). Equal amounts (40 μg) of protein were separated

on an SDS-PAGE gel and transferred to a nitrocellulose membrane. The membranes were

incubated overnight at 4°C with the following primary antibodies: anti-phospho-CREB

(Ser133) and anti-Bcl-2 (1:200, Santa Cruz Biotechnology, CA), and anti-cleaved caspase-3

(1:1000, Cell Signaling, MA). Appropriate secondary antibodies (1:2000, Santa Cruz

Biotechnology, CA) were incubated for 1 hour at room temperature. Immunoblots were then

probed with an ECL Plus chemiluminescence reagent kit (Amersham Bioscience, IL) and

bands were quantified by densitometry with Image J software (National Institutes of Health,

MD). Alpha tubulin (1:2000, Santa Cruz Biotechnology, CA) was blotted on the same

membrane as a loading control. Results are expressed as relative density to alpha tubulin and

subsequently normalized to mean value of cont-JWH.

Terminal Deoxynucleotidyl Transferase-Mediated Uridine 5′-Triphosphate-Biotin Nick End-
Labeling (TUNEL) Staining

At 24 hours after sham or SAH-induction surgery, the rats were perfused with phosphate-

buffered saline and 10% paraformaldehyde at the time of sacrifice. The brains were

harvested and postfixed in 10% paraformaldehyde followed by 30% sucrose (weight/

volume) for 3 days. Ten-micron-thick coronal sections were cut at the level of bregma-2 mm

using a cryostat (LM3050S; Leica Microsystems) and mounted on poly-L-lysine-coated

slides. Sections were stained with anti-neuronal nuclei antibody (1:100; Chemicon

International, MA) and then subjected to terminal deoxynucleotidyltransferase-mediated

dUTP nick end labeling (TUNEL) staining with an in situ cell death detection kit (Roche

Inc., Germany). TUNEL-positive neurons were evaluated in the left pyriform cortex.

Statistical Analysis

Data for SAH grades and neurological scores were expressed as median and 25th to 75th

percentiles and were analyzed by Mann-Whitney U test or Kruskal-Wallis one-way Analysis

of Variance (ANOVA) on Ranks followed by Dunn’s or Tukey post hoc analysis. Other

values were expressed as mean ± standard deviation (SD) and were analyzed by one-way
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ANOVA followed by Tukey post hoc analysis. T-test was used for statistical analysis in the

intracerebroventricular siRNA injection groups. Mortality was analyzed by Fischer exact

test. The data for physiological parameters were analyzed using two-way repeated measures

ANOVA. P <0.05 was considered statistically significant.

Results

Animal Number and Mortality

We performed 123 surgeries (Table 1.). Fourteen animals were excluded because of low

SAH grade (6 animals in vehicle and 8 in JWH groups, respectively). Sixteen animals with

severe SAH died within 1 hour after SAH, and 9 animals died after 1 hour (2 animals in

vehicle, 2 in low-JWH, 1 in JWH, 2 in high-JWH, 1 in cont-JWH, and 1 in siRNA-JWH

groups). The mortality rate was: sham 0.0% (0 of 15 rats), vehicle 11.8% (2 of 17), low-

JWH 20.0% (2 of 10), JWH 5.9% (1 of 17), and high-JWH 20.0% (2 of 10). There was no

significant difference in mortality rates between the groups.

Subarachnoid Hemorrhage Grade and Physiological Parameters

SAH grade was similar among vehicle (n=15), low-JWH (n=8), JWH (n=16), and high-JWH

(n=8) groups (Fig. 1A). There was no significant difference in the mean arterial blood

pressure, heart rate, arterial blood gases (paO2, paCO2), pH levels, and blood glucose levels

between the vehicle and JWH group (n=5, each) (Figs. 1B–D).

Outcome Study

JWH133 Attenuates Neurological Deficits and Brain Edema at 24 Hours After
SAH—Neurological deficits and brain water content were evaluated at 24 hours after

surgery. For the 24 hours outcome study we used sham, vehicle, low-JWH, JWH, and high-

JWH groups. Neurological score was significantly lower in vehicle group (n=15) compared

to sham (n=15) (P<0.05, Fig. 2A). JWH group (n=16) had significantly higher neurological

score compared to vehicle group (P<0.05).

At 24 hours after SAH, BWC in the left and right hemispheres was significantly higher in

vehicle group compared to sham (P<0.01, Fig. 2B). JWH group had significantly lower

BWC in the left hemisphere compared to vehicle group (P<0.05, Fig. 2B). However, there

was no significant difference in BWC between vehicle and low-JWH or high-JWH groups.

Since JWH133 (1.0 mg/kg) significantly improved neurobehavioral function and reduced

brain edema in the left hemisphere, we chose this dose and the left hemisphere for rest of the

experiments.

Mechanism Study

JWH133 Increases pCREB-Bcl2 Expression and Decreases Cleaved
Caspase-3 at 24 Hours After SAH—Western blot analysis was used to quantify

phosphorylated CREB (pCREB), Bcl-2, and cleaved caspase-3 levels in the left hemisphere

24 hours after surgery in sham, vehicle, and JWH groups (n=6, each). pCREB and Bcl-2 was

significantly lower in vehicle compared to sham (P<0.01), and JWH group had significantly

higher pCREB (P<0.01) and Bcl-2 (P<0.05) levels compared to vehicle (Figs. 3A and 3B).
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In addition, cleaved caspase-3 expression was significantly higher in vehicle group

compared to sham (P<0.01) and was significantly reduced in the JWH group compared to

vehicle (P<0.05) (Fig. 3C).

CREB siRNA Reverses the Anti-Apoptotic Effect of JWH133 at 24 Hours After
SAH—SAH grade was similar between cont-JWH and siRNA-JWH groups (P=NS, Fig.

4A). The difference in performance in neurological test conducted before SAH-induction

surgery and 24 hours after SAH showed that the siRNA-JWH group performed worse

compared to cont-JWH group, though it did not reach statistical significance (Fig. 4B).

Western blot analysis showed that pCREB expression in the left hemisphere was

significantly lower in siRNA-JWH compared to cont-JWH groups (P<0.01, Fig. 5A).

Further, Bcl-2 was significantly reduced in siRNA-JWH compared to cont-JWH group

(P<0.01, Fig. 5B), and cleaved caspase-3 was significantly increased in siRNA-JWH

compared to cont-JWH group (P<0.01, Fig. 5C).

JWH133 Reduces TUNEL Positive Neurons at 24 Hours After SAH—
Immunofluorescence staining showed TUNEL-positive neurons in the left pyriform cortex

at 24 hours after SAH (Fig. 6). The vehicle group had increased TUNEL-positive neurons

compared to JWH group. The SAH grade was 15 in both the vehicle and JWH133 treated

rats depicted in the pictographs.

Discussion

This study showed that CB2R activation with JWH133 administered 1 hour after SAH

reduced neurological deficits and brain edema. Further, CB2R activation increased the

phosphorylation of CREB and Bcl-2 expression. The anti-apoptotic effects of JWH 133

were reversed by CREB siRNA.

First, we evaluated the effects of three different doses of JWH133 to determine the

neuroprotective dose. SAH rats treated with JWH133 1.0 mg/kg had significantly reduced

BWC at 24 hours after SAH compared to vehicle rats. JWH133 1.0 mg/kg also significantly

improved neurobehavioral function. Our results are in accordance with previous studies

which have reported that JWH133 between 1.0 to 1.5 mg/kg reduced infarct area after MCA

occlusion, but doses lower or higher were less effective (Zarruk et al., 2012; Zhang et al.,

2009a). The bell-shaped dose-response curve of JWH133 may be due to non-specific effects

that can occur at higher doses (Murikinati et al., 2010). Although, JWH133 has 40-fold more

selectivity for CB2R over CB1R (Yamamoto et al., 2008) it is possible that higher doses

may activate the CB1R (Murikinati et al., 2010), which has been shown to play a

detrimental role after cerebral ischemia-reperfusion injury (Zhang et al., 2009b).

Next, we evaluated whether CB2R stimulation decreases apoptosis by CREB activation.

CB2R can couple to Gi proteins (Glass and Northup, 1999), and CB2R activation has been

shown to activate cAMP/protein kinase A (PKA) (Börner et al., 2009), phosphorylate

ERK1/2 (Cohen-Yeshurun et al., 2011; Ofek et al., 2011), and activate phosphatidylinositol

3-kinase (PI3K)/Akt pathway (Viscomi et al., 2009). Recently it has been demonstrated that
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CB2R stimulation enhanced CREB activation after cerebral ischemia through

phosphorylation of AMPK (Choi et al., 2013). Furthermore, CREB can also be activated by

various signaling pathways, including cAMP/PKA, ERK1/2, and PI3K/Akt (Ichiki, 2006;

Ofek et al., 2011). Moreover, CREB phosphorylation at Ser133 is indispensable for its

transcriptional activation (Chrivia et al., 1993), and activated CREB can increase Bcl-2

expression and inhibit caspase-3 activation (Meller et al., 2005; Tokudome et al., 2004;

Wilson et al., 1996). In this study, CB2R agonist JWH133 significantly enhanced the

expression of CREB phosphorylated at Ser133, up-regulated Bcl-2, and reduced caspase-

dependent apoptosis after SAH. Additionally, we used TUNEL staining, a maker for cells

undergoing DNA fragmentation in the final phase of apoptotic cell death (Negoescu et al.,

1996), and observed TUNEL positive neurons in the left pyriform cortex 24 hours after

SAH, and JWH133 administration reduced neuronal cell death after SAH.

We then wanted to ensure that activated CREB was essential for Bcl-2 up-regulation and

reduction of caspase-dependent apoptosis by the CB2R agonist JWH133. Previous study by

Liu et al. showed that CREB-1 siRNA can suppress the phosphorylation of CREB-1 at

ser133 (Liu et al., 2006). We administered CREB siRNA to determine whether it would

abolish the protective anti-apoptotic effects of JWH133. Control or CREB siRNA was

administered 24 hours before SAH induction to rats that also received JWH133 treatment

after SAH. We administered CREB siRNA at 24 hours before SAH induction based on

published literature. Chen et al. reported that siRNA of P2X purinoceptor 7 receptors

administered intracerebroventricularly 24 hours before SAH induction in a rat model was

effective in eliciting gene knockdown (Chen et al., 2013). We observed that CREB siRNA

significantly decreased pCREB expression compared to control siRNA in SAH rats despite

JWH133 administration. Further, SAH rats treated with JWH133 that received also CREB

siRNA had significantly reduced Bcl-2 expression and increased cleaved caspase-3 levels

compared to JWH133 treated SAH rats that received control siRNA. This suggests that

CREB activation is essential for the anti-apoptotic effects of CB2R stimulation after SAH by

the CB2R agonist JWH133.

This study has some limitations. First, we did not investigate how CB2R stimulation inhibits

neuronal apoptotic cell death after SAH. In the brain CB2R is expressed in neurons,

activated astrocytes, endothelial cells, and microglias (Onaivi et al, 2011). CB2R activation

has been reported to attenuate microglial activation and prevent neurodegeneration (Amenta

et al., 2012; Palazuelos et al., 2009). Since inflammatory response in the central nervous

system is mediated by activated microglia (Dheen et al., 2007), it is possible that CB2R

activation on the pro-inflammatory microglia might play a pivotal role to ameliorate

neuronal cell death after SAH. Second, we focused on the anti-apoptotic mechanisms of

CB2R stimulation. However, other potential mechanisms of CB2R stimulation could play a

role in providing beneficial effect after SAH, which we did not explore in this study (Simard

et al., 2012). This might be a possible explanation as to why we did not observe statistically

significant neurological deterioration in SAH rats that received CREB siRNA injection as

opposed to control siRNA, since anti-apotosis may be one of the many protective

mechanisms of CB2R agonist induced neuroprotection. Third, we did not quantify the

number of TUNEL positive neurons in the cortex after SAH to demonstrate the difference

between the vehicle and JWH133 treated groups and also for the cont-JWH and siRNA-
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JWH groups. Since, we primarily wanted to demonstrate the cell type that undergoes

apoptosis after SAH we did not perform cell quantification. We provide

immunohistochemistry pictures that show apoptosis occurs in the neurons after SAH and

that JWH133 treated group had relatively fewer TUNEL positive neurons. Further, western

blot quantification for cleaved caspase-3 and Bcl-2 levels provide support to our hypothesis

that CB2R stimulation decreases apoptosis after SAH. However, quantification of TUNEL

positive neurons would have certainly strengthened our hypothesis. Further studies are

necessary for clinical translation (Bahjat et al., 2013; Lapchak, 2013; Tajiri et al., 2013).

Conclusion

CB2R stimulation reduced brain edema and improved neurological function in a rat model

of SAH. CB2R stimulation was associated with reduced neuronal apoptosis via activation of

phosphorylated CREB/Bcl-2 pathway after SAH.

Acknowledgments

Sources of Funding

This research was supported by NIH grant to Dr. Zhang.

Abbreviations

EBI early brain injury

SAH subarachnoid hemorrhage

CB2R cannabinoid receptor type 2

CREB cAMP response element-binding protein

siRNA small interfering ribonucleic acid

pCREB phosphorylated CREB

BBB blood brain barrier

CB1R cannabinoid receptor type 1

ERK extracellular signal-regulated kinases

AMPK AMP-activated protein kinase

BWC brain water content

TUNEL terminal deoxynucleotidyl transferase-mediated uridine 5′-triphosphate-biotin

nick end-labeling

ANOVA analysis of variance

SD standard deviation

cAMP cyclic adenosine monophosphate

PKA protein kinase A
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PI3K phosphatidylinositol 3-kinase

WB western blot analysis

IHC immunohistochemistry

ICV intracerebroventricular infusion
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Highlights

• JWH133 (1.0 mg/kg) ameliorated neurological deficits and brain edema after

SAH.

• JWH133 ameliorated apoptosis through phosphorylated CREB and Bcl-2

pathway.

• CREB siRNA administration increased cleaved caspase-3 despite JWH133

treatment.

• Apoptotic cell death occurred in the neurons after SAH.
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Fig. 1.
Subarachnoid hemorrhage (SAH) grading and physiological parameters in vehicle and

JWH133 treated SAH rats. SAH grade was comparable between vehicle and JWH groups

(A). Physiological parameters including mean arterial blood pressure (BP) and heart rate

(HR) (B), PaO2 and PaCO2 (C), pH and blood glucose (Glu) (D) in vehicle and JWH groups

was not significantly different. The group box depicted in B applies to C and D. Values are

expressed as mean ± SD. NS=not significant.
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Fig. 2.
Effects of JWH133 treatment on neurological function and brain water content at 24 hours

after SAH. JWH133 (1.0 mg/kg) significantly improved neurological score compared to

vehicle after SAH (A). JWH133 (1.0 mg/kg) significantly reduced brain water content in the

left hemisphere compared to vehicle at 24 hours after SAH (B). Values in (A) are expressed

as median and 25th to 75th percentiles and values in (B) are mean ± SD. *P <0.05 compared

to sham group, #P <0.05 compared to vehicle group, †P <0.01 compared to sham group, ‡P

<0.05 compared to JWH group. LH, left hemisphere; RH, right hemisphere; Ce, cerebellum;

BS, brain stem.
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Fig. 3.
Anti-apoptotic effect of CB2R stimulation at 24 hours after SAH. Representative Western

blots and quantitative analysis of phosphorylated cAMP response element-binding protein

(pCREB) (A), Bcl-2 (B), and cleaved caspase-3 (cl cas-3) (C) in the left hemisphere.

JWH133 treatment significantly increased pCREB and Bcl-2 expression, and decreased

cleaved caspase-3 significantly compared to vehicle group after SAH. Values are expressed

as mean ± SD. †P <0.01 compared to sham group, &P <0.01 compared to vehicle group, #P

<0.05 compared to vehicle group.
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Fig. 4.
Effect of CREB siRNA administration on neurological function at 24 hours after SAH in

rats treated with JWH133. SAH grade was similar between groups that received control

siRNA or CREB siRNA administered intracerebroventricularly 24 hours before SAH (A).

SAH rats that received CREB siRNA showed a tendency to perform worse in the

neurological test compared to SAH rats that received control siRNA (B). Values are

expressed as median and 25th to 75th percentiles. NS=not significant.
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Fig. 5.
Effect of CREB siRNA administration on the anti-apoptotic effect of CB2R stimulation at

24 hours after SAH in rats treated with JWH133. Representative Western blots and

quantitative analysis of pCREB (A), Bcl-2 (B) and cleaved caspase-3 (cl cas-3) (C). SAH

rats that received CREB siRNA showed significantly lower pCREB expression compared to

the control siRNA administered SAH rats (A). Bcl-2 expression was significantly down-

regulated (B) and cleaved caspase-3 level was significantly up-regulated (C) in the CREB

siRNA administered SAH rats compared to the control siRNA group. Values are expressed

as mean ± SD. **P <0.01 compared to cont-JWH group.
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Fig. 6.
Evaluation of neuronal cell death in the pyriform cortex at 24 hours after SAH.

Representative picture shows increased colocalization of neuronal nuclei (NeuN) and

TUNEL-positive cells (arrowhead) in SAH rat that received vehicle compared to JWH133

treatment. Sham did not have any TUNEL-positive cells in the pyriform cortex. Scale bars:

50μm.
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