
Cyclooxygenase-2 (COX-2) enzyme increases 

abnormally during excitotoxicity and cerebral 

ischemia and promotes neurotoxicity. Although 

COX-2 inhibitors could be beneficial, they have 

significant side effects. We and others have 

shown that the EP1 receptor is important in 

mediating PGE2 toxicity. Here, we tested the 

hypothesis that pretreatment with a highly selec-

tive EP1 receptor antagonist, ONO-8713, would 

improve stroke outcome and that post-treatment 

would attenuate NMDA-induced acute excito-

toxicity and protect organotypic brain slices 

from oxygen-glucose deprivation (OGD)-induced 

toxicity. Male C57BL/6 mice were injected 

intracerebroventricularly with ONO-8713 before 

being subjected to 90-min middle cerebral artery 

occlusion (MCAO) and 96-h reperfusion. 

Significant reduction in infarct size was observed 

in groups given 0.1 (25.9 ± 4.7%) and 1.0 nmol 

(27.7 ± 2.8%) ONO-8713 as compared with the 

vehicle-treated control group. To determine the 

effects of ONO-8713 post-treatment on NMDA-

induced excitotoxicity, mice were given a unilat-

eral intrastriatal NMDA injection followed by 

one intraperitoneal injection of 10 µg/kg ONO-

8713, 1 and 6 h later. Significant attenuation of 

brain damage (26.6 ± 4.9%) was observed at 48 h 

in the ONO-8713-treated group. Finally, brain 

slice cultures were protected (25.5 ± 2.9%) by the 

addition of ONO-8713 to the medium after OGD. 

These findings support the notion that the EP1 

receptor propagates neurotoxicity and that selec-

tive blockade could be considered as a potential 

preventive and/or therapeutic tool against isch-

emic/hypoxic neurological conditions. 
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INTRODUCTION

Cyclooxygenase (COX)-1 and COX-2 are the rate 

limiting enzymes associated with the generation of 

five primary bioactive prostanoids. However, under 

pathological conditions associated with the exces-

sive activation of NMDA receptors, the enzymatic 

activity of COX-2 (the inducible isoform) is highly 

up-regulated, as is the generation of the prostanoids 
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(Adams et al., 1996; Takadera and Ohyashiki, 

2006). Given the potential effects of COX-2 inhibi-

tors in minimizing inflammation, these inhibitors 

were also considered to have the potential to mini-

mize neurodegeneration. However, recent reports 

show that these COX-2 inhibitors may carry poten-

tial side effects such as cardiac complications 

(Bresalier et al., 2005a; Graham et al., 2005; Baron 

et al., 2008). Therefore, an alternative therapeutic 

approach would be important to investigate the 

effect of agonists and antagonists of prostanoid 

receptors in modulating neurological conditions, 

including stroke. 

   Prostaglandin E2 (PGE2) is one of the prostanoids 

that is synthesized by the enzymatic action of COX 

on arachidonic acid. PGE2 exerts beneficial as well 

as harmful effects via the trans-membrane G-protein-

coupled receptors designated EP1, EP2, EP3, and 

EP4. Previous studies from various labs including 

our own have established that EP1 increases intrac-

ellular Ca2+ level, whereas EP2 and EP4 up-regu-

late cAMP level; EP3 can either increase Ca2+ level 

or decrease cAMP (Narumiya et al., 1999; 

Kobayashi and Narumiya, 2002; McCullough et

al., 2004; Echeverria et al., 2005; Ahmad et al.,

2006a; Kawano et al., 2006). We have observed 

that those prostanoid receptors that lead to increased 

Ca2+ are toxic, whereas those that regulate cAMP 

are protective. 

   PGE2 has been investigated extensively for its role 

in various physiological responses (Stock et al.,

2001; Nakayama et al., 2004a; Oka, 2004). Although 

the actions of PGE2 through the EP1 receptor are 

well documented for many disease conditions, the 

role of the EP1 receptor in stroke and excitotoxicity 

has been shown only recently by us and others 

(Ahmad et al., 2006b; Kawano et al., 2006). We have 

shown that EP1 receptor activation increases brain 

damage after NMDA toxicity, whereas its inhibition 

leads to the prevention of NMDA-induced brain 

damage (Ahmad et al., 2006b). Similarly, genetic 

deletion of EP1 receptor protects mice from stoke 

and NMDA-induced brain damage. Furthermore, 

parallel work from Dr. Iadecola's group showed that 

EP1 activation impaired the Na+-Ca2+ exchange 

necessary for Ca2+ homeostasis and exacerbated 

brain damage caused by excitotoxicity and brain 

ischemia (Kawano et al., 2006).

   Use of various EP1 receptor antagonists has been 

reported to minimize or prevent certain pathologi-

cal events (Oka et al., 1998a; Omote et al., 2002; 

Walch et al., 2003; Matsuo et al., 2004; Nakayama 

et al., 2004b). The intriguing finding that the EP1 

receptor contributes to the propagation of brain 

damage in excitotoxicity and stroke has prompted 

researchers to develop and test clinically active 

drugs that are selective for the EP1 receptor, to bet-

ter understand its physiological and pathological 

effects. The neuroprotective role of SC51089, a 

selective EP1 antagonist, in stroke and excitotoxic-

ity has been reported (Abe et al., 2008; Zhou et al.,

2008). The relatively new compound ONO-8713 is 

a highly selective EP1 antagonist with relative 

affinities of 0.3 nM for EP1 and >1000 nM for all 

other prostaglandin receptors (Watanabe et al.,

2000). We have shown that pretreatment with 

ONO-8713 attenuates NMDA-induced brain dam-

age in mice (Ahmad et al., 2006b). To extend our 

previous finding, here we investigated whether pre-

treatment with ONO-8713 also can minimize stroke 

outcome. Furthermore we tested whether systemic 

administration of ONO-8713 1 h after NMDA 

injection can minimize excitotoxicity in mice. 

Finally, to determine whether post-treatment is neu-

roprotective in ischemia, we subjected mouse hip-

pocampal slice cultures to oxygen-glucose depriva-

tion (OGD) as an in vitro model of brain ischemia 

and then treated them with ONO-8713. 

MATERIALS AND METHODS

Animals and drugs 

Male C57BL/6 mice (8-10 weeks old; 20-25 g) 

were obtained from Charles River Laboratories, 

Inc. (Wilmington, MA). All animal protocols were 

approved by the Johns Hopkins University Animal 

Care and Use Committee. The animals were per-

mitted free access to water and food before and 

after surgery. ONO-8713 was provided by one of 

the authors (T.M.).

Intracerebroventricular (ICV) Pretreatment 

with ONO-8713

We have previously shown that ICV pretreatment 

with ONO-8713 attenuates NMDA-induced excito-

toxic brain damage; therefore in this study, we 

wanted to know if the same dose and mode of drug 

delivery could also protect the brain against middle 
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cerebral artery occlusion (MCAO)-induced tran-

sient ischemia. After recording the weight and rec-

tal temperature, we anesthetized the mice and 

placed them on a stereotaxic stand for intracerebral 

microinjections, as described earlier (Ahmad et al.,

2006b). Briefly, mice were given a single injection 

of 0.1, 1.0, or 10.0 nmol ONO-8713 or vehicle in a 

volume of 0.2 l in the right cerebral ventricle. 

After the injection, the hole was closed with bone 

wax, and the overlying skin was sutured. Mice then 

were immediately subjected to MCAO. 

MCAO and Reperfusion

Throughout the MCAO procedure, body tempera-

ture (rectal) of the mice was monitored and main-

tained at 37.0 ± 0.5°C by a heating pad. Anesthesia 

was maintained by a continuous flow of halothane 

(1-1.5%) in oxygen-enriched air via a nose cone. 

Relative cerebral blood flow (CBF) was monitored 

with laser-Doppler flowmetry (Moor Instruments, 

Devon, England) by a flexible fiber optic probe. 

Following the protocol described previously 

(Ahmad et al., 2006c), MCAO was carried out 

under aseptic conditions with a silicone-coated 

nylon monofilament. Proper MCAO induction was 

achieved when CBF decreased by more than 80% 

from the baseline. Mice in which the CBF did not 

decrease by more than 80% and mice that died dur-

ing surgery were excluded from the groups. The 

numbers of mice excluded from the vehicle-, 0.1-, 

1.0-, and 10.0-nmol groups were 5, 3, 4, and 5, 

leaving 10, 11, 11, and 10, mice, respectively, for 

analysis. During the 90 min of occlusion, the inci-

sion was sutured, anesthesia was discontinued, and 

the animals were transferred to a temperature-con-

trolled chamber to maintain their body temperature. 

To achieve the reperfusion, the mice were briefly 

re-anesthetized with halothane, and the filament 

was withdrawn. After the incision was sutured, the 

mice were returned to the temperature-controlled 

chamber for 2 h and then transferred to their home 

cages and allowed to survive for 4 days.

Quantification of Infarct Volume

Four days after MCAO, mice were deeply anesthe-

tized, and their brains were harvested and sliced 

coronally into five 2-mm-thick sections. The sec-

tions were incubated with 1% 2,3,5-triphenyl-tetra-

zolium chloride (TTC) in saline for 20 min at 37°C. 

Macrographs were obtained (SigmaScan Pro, SPSS, 

Port Richmond, CA) and the area of infarcted brain, 

recognized by the lack of TTC staining, was mea-

sured on the rostral and caudal surfaces of each slice 

and numerically integrated across the thickness of 

the slice to obtain an estimate of infarct vol-

ume. Volumes from all five slices were 

summed to calculate total infarct volume over 

the entire hemisphere and expressed as a per-

centage of the volume of the contralateral 

structure. Infarct volume was corrected for 

swelling by comparing the volumes in the 

ipsilateral and contralateral hemispheres. 

Acute intrastriatal Injection of NMDA and 

post-Treatment with ONO-8713

To induce acute excitotoxicity, 15 nmol of NMDA 

in a volume of 0.3 l was injected slowly into the 

striatum. The needle was left in place for 5 min 

and then retracted slowly. The hole was blocked 

with bone wax and the skin was sutured. After the 

surgical procedure, mice were placed in a thermo-

regulated chamber and transferred to their home 

cages after recovery from anesthesia. Throughout 

the experimental procedure, rectal temperature of 

the mice was monitored and maintained at 37.0 ± 

0.5°C. Because we observed a neuroprotective 

effect after ICV pretreatment with ONO-8713, 

here we investigated whether a similar effect 

could be achieved with systemic injection of 

ONO-8713. At 1 and 6 h after the NMDA injec-

tion, the mice were given an intraperitoneal (i.p.) 

injection of 10 g/kg ONO-8713 (n=5) or vehicle 

(n=7). Mice were allowed to survive for 48 h after 

the NMDA injection. No mortality was observed 

in either treatment group. 

Quantification of the Excitotoxic Lesion 

Volume

Weight and rectal temperature were recorded, and 

mice were deeply anesthetized with pentobarbital. 

Mice were then transcardially perfused with cold 

PBS, followed by 4% paraformaldehyde in PBS. 

Brains were harvested, post-fixed in 4% paraform-

aldehyde for 24 h, equilibrated in 30% sucrose, 

and then snap frozen in pre-cooled 2-methylbu-

tane. Sequential brain sections (25 m) obtained 

on a cryostat were stained with Cresyl Violet to 

estimate lesion volume (Ahmad et al., 2006a).
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Preparation of Organotypic Mouse 

Hippocampal Slice Cultures

Hippocampal organotypic cultures were prepared 

according to previously published protocols 

(Stoppini et al., 1991; Kawano et al., 2006) with 

slight modification, as described below. Hippocampi 

from 7-8-day-old C57BL/6 mouse pups were dis-

sected out aseptically, and 350- m coronal sec-

tions were cut on a Vibratome (series 1000; 

Vibratome, St. Louis, MO) and kept in Hibernate A 

solution (BrainBits, Springfield, IL) bubbled with 

95% O2 and 5% CO2. Slices were transferred onto 

30-mm Millicell membrane inserts with 0.4- m

pore size (Millipore, Bedford, MA) in six-well 

plates. Cultures were maintained for 13 days in 

Neurobasal A medium (NBA; Invitrogen, Carlsbad, 

CA) containing B27 supplement and 2 mM 

Glutamax I (Invitrogen, Carlsbad, CA) in a humid-

ified atmosphere with 5% CO2 at 37°C; the medi-

um was changed twice weekly. On day 13, the 

medium was replaced with fresh medium contain-

ing the fluorescent vital dye propidium iodide (PI; 

5 g/ml; Sigma, St. Louis, MO). After 24 h, the PI 

fluorescence was measured to confirm that slices 

were viable and healthy. PI enters into dying cells 

only, binds to nucleic acid, and causes the injured 

cells to fluoresce.

Oxygen Glucose Deprivation 

and post-Treatment with ONO-8713

Anoxia was induced by subjecting the brain slices 

to OGD for 1 h. Slice cultures were rinsed with 

normal medium, equilibrated for 30 min in the 

incubator, and then rinsed twice with warm, deox-

ygenated, glucose-free Hibernate A solution. The 

cultures were then transferred to an air-tight 

chamber, and anoxic gas (5% CO2, 95% N2) was 

flushed into the chamber for 1 h at 37°C. After 

OGD treatment, the slices were transferred to nor-

mal culture medium with or without 1 M ONO-

8713 and incubated for 24 h. Cultures were imaged 

for PI fluorescence 24 h after OGD, and the maxi-

mal PI fluorescence was obtained by stimulating 

the cultures for 24 h with a lethal amount of 

NMDA (100 M). 

Measurement of Neuronal Death in Organotypic 

Mouse Hippocampal Slice Cultures

Mean PI fluorescence in the CA1 sub-region of 

each hippocampal slice was quantified to deter-

mine the neuronal death. Sequential fluorescence 

was measured at (1) t=0 (Fbasal), before OGD 

stimulation to measure basal levels of neuronal 

death; (2) t=24 h (FOGD), 24 h after stimulation 

with OGD; and (3) t=max (Fmax), after a final 

exposure of slices to a lethal amount of 100 M

NMDA overnight, to measure maximum fluores-

cence. Slices were imaged with a Nikon inverted 

fluorescence microscope equipped with a light-

intensifying SPOT digital camera (Diagnostic 

Instruments Inc., Sterling Heights, MI) and SPOT 

Advanced software. The same camera settings 

were used throughout the experiments. Each exper-

iment was carried out in triplicate, with n = 6-10 

sections per condition per experiment. Digital 

images of PI staining at three different time points 

(before and after OGD and after NMDA treatment) 

were outlined to define the same CA1 region and 

mean fluorescence intensity obtained with corre-

sponding time points: Fbasal, FOGD, and Fmax. The 

percent cell death was calculated from the formula 

(FOGD-Fbasal) / (Fmax-Fbasal) × 100%.

Statistical Analysis 

The brain sections were imaged and analyzed with 

SigmaScan Pro 5.0 software (Systat, Inc., Point 

Richmond, CA). Statistical analysis was performed 

by Student's t-test and P values of <0.05 were con-

sidered to be significant. All values are expressed as 

mean ± standard error of the mean (SEM).

RESULTS

ONO-8713 pretreatment reduces infarct vol-

ume.

The 0.1 and 1.0 nmol doses of ONO-8713 signifi-

cantly (P <0.05; FIG. 1B) reduced the infarct 

volume by 25.9 ± 4.7% and 27.7 ± 2.8%, respec-

tively, compared to control volumes, whereas the 

effect of 10 nmol was not significant. Representative 

images of the TTC-stained sections from vehicle-

treated and 1.0 nmol-treated mice are shown in 

FIG. 1A. No significant difference in the CBF was 

observed between the vehicle-treated and ONO-

8713-treated mice.

ONO-8713 post-treatment attenuates NMDA-

induced brain damage.
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FIGURE 1   Effect of ONO-8713 pretreatment on MCAO-induced brain damage. Mice were treated with 0.1, 1.0, or 10 

nmol of the EP1 antagonist ONO-8713 and subjected to 90-min MCAO. At 96 h, the mice were sacrificed and brain 

sections were stained with TTC to analyze the brain infarction. (A) Representative photographs of coronal sections of 

brains from vehicle-treated (left) and ONO-8713 (1.0 nmol)-treated (right) mice showing infarction due to MCAO. (B)

Analysis of the TTC-stained brain sections revealed that 0.1 and 1.0 nmol ONO-8713 rescued the brain from ischemia, 

whereas 10 nmol ONO-8713 had no protective effect. *P <0.01, when compared with vehicle-treated mice.

FIGURE 2   Effect of ONO-8713 post-treatment on NMDA-induced brain lesion. Anesthetized mice were given a 

single intrastriatal injection of 15 nmol NMDA (in 0.3 l) to induce acute excitotoxicity. After 1 h and 6 h, mice were 

given a 10 g/kg injection of ONO-8713 i.p. Mice were allowed to survive for 48 h, and brain sections were stained 

with cresyl violet to analyze the brain lesion. (A) Representative photographs of coronal sections of the brains from 

vehicle-treated (left) and ONO-8713-treated (right) mice; areas of brain injury are encircled by dashed lines. (B)

Analysis of the brain sections revealed a significant neuroprotective effect from ONO-8713 post-treatment. *P <0.05, 

when compared with the vehicle-treated group.
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The systemic i.p. injection of 10 µg/kg ONO-8713 

significantly (P <0.05) reduced the NMDA-induced 

brain damage. FIG. 2A shows representative imag-

es of the NMDA + vehicle group (left) and NMDA 

+ ONO-8713 group (right). Analysis of the stained 

sections revealed a significant decrease (P <0.05; 

26.6 ± 4.9%) in the lesion volume of the ONO-

8713 post-treated groups (FIG. 2B). 

ONO-8713 post-treatment reduces neuronal 

damage in the CA1 region of hippocampal slic-

es following OGD.

To study the effect of ONO-8713 on an in vitro

model of ischemia, mouse organotypic hippocam-

pal slices were exposed to 1 M ONO-8713 for 24 

h after OGD (FIG. 3). Cell death analysis indicated 

a significant decrease in the cell death after OGD in 

the ONO-8713-treated group (41.0 ± 2.0%; P

<0.001, n=27 slices) as compared with that of the 

vehicle-treated group (55.0 ± 1.0%; n=24 slices). 

These results further support the hypothesis that 

inhibition of the EP1 receptor reduces the OGD-

induced cell death in hippocampal slices. 

DISCUSSION

We have previously shown that ICV pretreatment 

of mice with 1 and 10 nmol EP1 receptor antagonist 

ONO-8713 results in attenuated NMDA-induced 

brain damage, whereas pretreatment with 10 nmol 

of the EP1 agonist ONO-DI-004 augments the 

NMDA-induced lesion volume (Ahmad et al.,

2006b). In this study we tested whether pretreat-

ment with the same dose of ONO-8713 would 

attenuate brain infarction caused by MCAO. The 

data reveal that brain damage was significantly 

attenuated with the 0.1 and 1.0 nmol doses of 

ONO-8713. We further examined whether this drug 

is capable of preventing/minimizing the NMDA-

induced brain damage when applied systemically 

after the onset of the toxicity. Interestingly the 

NMDA-induced brain lesion was significantly 

FIGURE 3   Effect of ONO-8713 on OGD-induced cell death in the CA1 region of cultured hippocampal slices. 

Organotypic mouse hippocampal slice cultures were placed in an air-tight chamber that was flushed with anoxic gas 

(5% CO2, 95% N2) for 1 h at 37°C. Then the cultures were transferred to normal culture medium with or without 1 

M ONO-8713 and incubated for 24 h. The PI fluorescence was obtained at 24 h after OGD, and the maximal PI 

fluorescence was obtained by stimulating the cultures for 24 h with a lethal amount of NMDA (100 M). (A)

Fluorescence images (4X magnification) showing PI staining in hippocampal slices subjected to OGD for 1 h. Images 

were taken before OGD (Base), 24 h after OGD (OGD), and 24 h after NMDA incubation (MAX). (B) Histogram 

representing CA1 neuronal damage measured by PI fluorescence intensity. The neuronal damage was significantly 

lower in ONO-8713-treated slices (n=27) than in vehicle-treated slices (n=24) after OGD-induced injury. ***P <0.001

as compared with the vehicle-treated group.
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attenuated when ONO-8713 was injected i.p. at 1 

and 6 h after the NMDA insult. Moreover to deter-

mine if ONO-8713 has a neuroprotective effect in 

an in vitro model of ischemia, we subjected organo-

typic hippocampal slices to OGD. The data revealed 

that treatment of slices with ONO-8713 after OGD 

minimized the OGD-induced cell death. 

   Under toxic conditions, COX-2 over-expression 

leads to the generation of the prostanoids, which act 

through their respective receptors, depending on 

the nature of the toxicity and affinity of the respec-

tive prostanoids toward their receptors. Because 

prostaglandins are generally regarded as pro-

inflammatory markers, it was originally proposed 

by researchers that COX-2 inhibitors could be 

novel therapeutic agents in minimizing brain dam-

age (Nakayama et al., 1998; Nagayama et al., 1999; 

Doré et al., 2003). However, data from some clini-

cal studies show that COX-2 inhibitors might lead 

to complex cardiac problems (Bresalier et al.,

2005b; Graham et al., 2005). Therefore we focused 

on the prostaglandins downstream of COX and 

chose PGE2 as potential target to be investigated in 

stroke and excitotoxicity.

   PGE2 exerts its protective or toxic effects through 

its receptors, EP1-EP4. The role of EP1 receptor 

activation in various pathological conditions is well 

established (Oka et al., 1998b; Kawahara et al.,

2001; Nakayama et al., 2004a). It has been reported 

that intrathecal administration of PGE2 causes allo-

dynia through the EP1 receptor in conscious mice 

(Minami et al., 1994). In a subsequent study, the 

same group showed that this induction of allodynia 

could be the result of enhanced nitric oxide produc-

tion via EP1 receptor activation (Sakai et al., 1998). 

Moreover, reports suggest that nitric oxide is 

involved in increasing the intracellular level of 

Ca2+ and generation of highly pro-oxidant radicals 

that disrupt the cellular functions (Manevich et al.,

2001; Urushitani et al., 2001; Salvador Moncada, 

2006; Florea and Blatter, 2008). Based on these and 

our current results, we believe that EP1 receptor 

activation augments the NMDA-induced Ca2+ dys-

regulation, whereas ONO-8713 inhibits the EP1 

activity and reduces the intracellular overload of 

Ca2+ and the disruption of Ca2+ homeostasis, thus 

reducing toxicity.

   Now data are emerging that implicate the role of 

EP1 receptor in propagating brain damage. Our 

previous findings that EP1 receptor activation by 

pretreatment with ONO-DI-004 propagates 

NMDA-induced brain damage, whereas pretreat-

ment with the EP1 receptor antagonist, ONO-8713, 

minimizes brain damage in mice (Ahmad et al.,

2006b) are further supported by Kawano et al.

(2006), who showed that EP1 receptor antagonism 

by the EP1 receptor inhibitor SC51089 decreases 

brain damage by attenuating Ca2+ dysregulation. 

In a model of in vitro brain ischemia, it was shown 

that antagonism of EP1 receptor by SC-19220 pro-

tects rat fetal neuronal cultures from OGD (Gendron 

et al., 2005). Another study from Iadecola's group 

revealed that the EP1 receptor antagonist SC51089 

protects brain from focal and global ischemia (Abe 

et al., 2008) and hippocampal slices from OGD by 

regulating the PI3K/Akt survival pathway (Zhou et 

al., 2008). The authors showed that SC51089 

induced Akt activation and attenuated the mito-

chondrial translocation of the pro-apoptotic protein 

BAD. In addition to the evidence showing the role 

of EP1 activation and consequently downstream 

signaling in propagating neurotoxicity, studies 

have shown deleterious effects of the EP1 receptor 

in cerebral vasculature. We have previously shown 

that during MCAO, CBF increases significantly in 

EP1-/- mice as compared with the WT mice 

(Saleem et al., 2007). 

   The accumulating evidence supports the neuro-

toxic potential of the EP1 receptor. To prevent or 

minimize this potential, it is important to develop 

and test drugs that are more selective toward this 

receptor. Therefore we examined the neuroprotec-

tive effect of the highly selective EP1 antagonist 

ONO-8713, not only in mouse models of MCAO 

and acute excitotoxicity, but also in an in vitro

model of ischemic brain injury produced by OGD. 

The data show that ONO-8713 has a wide thera-

peutic window and can minimize brain damage 

even hours after the onset of toxicity. With this 

study we conclude that ONO-8713 has the thera-

peutic potential to minimize or prevent stroke in 

mice and could be considered for use as a thera-

peutic tool clinically. 
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