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Abstract: Neuroinflammation plays a major role in brain excitability and may contribute to the development of epi-
lepsy. Prostaglandin E2 (PGE2) is a direct mediator of inflammatory responses and, through EP receptors, plays an 
important role in neuronal excitability. Pharmacological evidence supports that centrally-administered EP1 and 
EP3 receptor antagonists reduced acutely evoked seizures in rats. Translation of these findings would benefit from 
evidence of efficacy with a more clinically relevant route of delivery and validation in another species. In the current 
study we investigated whether the systemic administration of EP1 and EP3 agonists and antagonists modulate pen-
tylenetetrazole (PTZ)-induced seizures in mice. In addition, it was examined whether these compounds alter Na+, 
K+-ATPase activity, an enzyme responsible for the homeostatic ionic equilibrium and, consequently, for the resting 
membrane potential in neurons. While the systemic administration of EP1 and EP3 antagonists (ONO-8713 and 
ONO-AE3-240, respectively) attenuated, the respective agonists (ONO-DI-004 and ONO-AE-248) potentiated PTZ-
induced seizures (all compounds injected at the dose of 10 µg/kg, s.c., 30 min before PTZ challenge). Co-admin-
istration of either EP1 or EP3 agonist with the respective antagonists nullified the anticonvulsant effects of EP1/3 
receptor blockade. In addition, EP1 and EP3 agonists exacerbated PTZ-induced decrease of Na+, K+-ATPase activity 
in both cerebral cortex and hippocampus, whereas, EP1 and EP3 antagonists prevented PTZ-induced decrease of 
Na+, K+-ATPase activity in both structures. Our findings support and extend evidence that EP1 and EP3 receptors 
may be novel targets for the development of anticonvulsant drugs.
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Introduction

Epilepsy is a disabling neurological disease 
that affects about 1% of the general population 
and is characterized by recurring and unpro-
voked seizures [1]. One third of epilepsy pa- 
tients do not respond to currently available 
treatments. Thus, understanding the causes of 
seizures and identifying novel anticonvulsant 
targets is a priority [2-4]. 

Current evidence strongly supports the involve-
ment of inflammation in the etiopathogenesis 
of seizures and epilepsy development [5-7]. 
Major brain injuries known to cause epilepsy 
are associated with prolonged or excessive 

neuroinflammation. Proinflammatory cytokines, 
complement factors [8] and prostaglandins [9] 
contribute to cell loss and seizures in experi-
mental models. Consequently, inhibiting their 
production or blocking their receptors decreas-
es seizure activity [6, 9]. 

Prostaglandins are produced from arachidonic 
acid the via cyclooxygenase (COX) pathway [10]. 
They are direct mediators of inflammatory re- 
sponses [11, 12]. Prostaglandin E2 (PGE2) is 
synthesized by the COX-2 pathway and is a cru-
cial mediator of responses to injuries in the 
brain [12-14]. PGE2 also plays an important role 
in dynamically maintaining membrane excitabil-
ity, synaptic transmission, integration, and plas-
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ticity in the hippocampus. Notably, depletion of 
endogenous PGE2 in hippocampal CA1 pyrami-
dal neurons results in a significant reduction of 
the membrane input resistance and frequency 
of firing. Such a decrease of membrane excit-
ability is reversed by the exogenous application 
of PGE2 [13]. In addition, PGE2 facilitates pen-
tylenetetrazole (PTZ)- and methylmalonate-in- 
duced seizures [15, 16]. PGE2 actions are medi-
ated by G-protein-coupled E-prostanoid (EP) 
receptors, which are divided into EP1, EP2, 
EP3, and EP4 [17]. The existence of EP receptor 
subtypes may account for the multiplicity of  
biological responses exerted by PGE2, since 
each EP subtype has a different structure and 
is coupled to a different signaling pathway [18, 
19]. It has been shown that the EP1 receptor 
mediates a G-protein coupled increase of free 
Ca++ concentration by Ca++ channel gate regula-
tion [18]. This receptor has a splicing isoform 
that presents a defective signal transduction, 
suppressing the EP signaling pathway, even 
though it shows a ligand-binding specificity  
similar to the EP1 receptor [20]. EP2 and EP4 
receptors are coupled to Gs-protein, and their 
activation increases cAMP production [21, 22]. 
These receptors seem to have different sensi-
tivity to phosphorylation and agonist-depen-
dent desensitization, due to structural differ-
ences [23]. The EP3 receptor has three splicing 
isoforms (α, β and γ) in mouse, with similar 
ligand-binding specificities [22]. These iso-
forms are functionally different, as they bind 
distinct G-proteins (Gi, Gq and Gs) [22]. How- 
ever, the major EP3 receptor signaling pathway 
involves Gi activation with consequent adenyl-
atecyclase inhibition [18]. 

The Na+, K+-ATPase (EC 3.6.3.9) is a heterodi-
meric integral membrane protein responsible 
for maintaining the homeostatic ionic equilibri-
um in almost all tissues and contributing to the 
resting membrane potential in neurons [24]. 
Na+, K+-ATPase activity is reduced in the cere-
bral tissue of patients with epilepsy [25, 26], 
and a mutation in one subunit of the gene 
encoding this enzyme has been linked with 
neurological disorders [27, 28], including epi-
lepsy in humans [29]. Diminished activity of the 
Na+, K+-ATPase has also been found in glia with-
in the seizure focus in experimental models of 
focal epilepsy [26] and in patients [26]. Na+, 
K+-ATPase activity is also decreased after pen-
tylenetetrazole (PTZ) [30, 31], glutaric acid- 
[30], and methylmalonic acid-induced seizures 

[32-34]. Consistent with this view, ouabain, an 
irreversible Na+, K+-ATPase inhibitor, can induce 
seizures [35, 36]. 

The EP1 and EP3 receptors are key mediators 
of inflammation, and a seizure protective role 
has been reported by brain injection of their 
antagonists in rats [9]. Potentially deleterious 
effects have been reported for EP2 receptor 
ligands in seizure models [48] and the EP4 
receptor remains less well characterized [49]. 
Therefore, we focused here on extending earli-
er findings by investigating whether systemic 
administration of EP1 or EP3 receptor ligands 
can modulate PTZ-induced seizures and sei-
zure-induced Na+ K+ATPase changes, in mice. 

Material and methods

animals and reagents

Adult male Swiss mice (25-35 g) were main-
tained under controlled light and environment 
(12:12 h light-dark cycle, 24±1°C, 55% relative 
humidity) with free access to food (SupraTM, 
Santa Maria, Brazil) and water. All experimental 
protocols were designed aiming to keep the 
number of animals used to a minimum, as well 
as their suffering, in accordance with national 
and international legislation (guidelines of 
Brazilian Council of Animal Experimentation, of 
EU Directive 2010/63/EU for animal experi-
ments, and U.S. National Institute of Health 
Guide for the Care and Use of Laboratory 
Animals-NIH Publications No 80-23, revised 
1996), and with the approval of the Ethics 
Committee for Animal Research of the Fede- 
ral University of Santa Maria (process number 
078/2010).

ONO-8713 (an EP1 antagonist), ONO-DI-004 
(an EP1 agonist), ONO-AE3-240 (an EP3 antag-
onist), and ONO-AE- 248 (an EP3 agonist), were 
generously donated by Ono Pharmaceutical Co. 
(Osaka, Japan). ONO-8713, ONO-DI-004, ONO-
AE3-240, and ONO-AE-248 were dissolved in 
dimethylsulfoxide (DMSO) and then diluted with 
sterile saline, in such a way that DMSO concen-
tration did not exceed 1%. PTZ and all other 
reagents were purchased from Sigma (St. 
Louis, MO, USA). 

Surgical procedures

All animals were anesthetized with ketamine (5 
mg/kg) and xylazine (50 mg/kg) and placed in 
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a rodent stereotaxic apparatus. Under stereo-
taxic guidance, two screw electrodes were 
placed over the right and left parietal cortices 
(coordinates in mm: AP -4.5 and L 2.5), along 
with a ground lead positioned over the nasal 
sinus [37]. The electrodes were connected to  
a multipin socket for electroencephalogram 
(EEG) recordings, and were fixed to the skull 
with dental acrylic cement. Chloramphenicol 
(200 mg/kg, i.p.) was administered immediate-
ly before the surgical procedure. After surgery, 
all mice received a single subcutaneous (s.c.) 
injection of 0.01 mg/kg buprenorphine hydro-
chloride for amelioration of pain. 

Drug administration protocol and EEG record-
ings

The effect of EP ligands on PTZ-induced sei-
zures was assessed 5-7 days after surgery. 
Mice were habituated for at least 10 minutes 
and connected to the lead socket of a swivel, 
which was connected to the digital encephalo-
graphic equipment (Neuromap EQSA260, Neu- 
rotec, Brazil) inside a Faraday’s cage. Routinely, 
a 10 min baseline recording was obtained to 
establish an adequate control period. After this 
period, ONO-8713 (10 µg/kg), ONO-DI-004 (10 
µg/kg), ONO-AE3-240 (10 µg/kg), ONO-AE-248 
(10 µg/kg), or their respective vehicle (1% 
DMSO in saline) were administered subcutane-
ously. We selected systemic doses and time 
elapsed between drug injection based on an 
extrapolation from our earlier i.c.v. work [9] and 
pilot tests. Doses of PTZ injections were select-
ed based on pilot experiments. The animals 
were injected with PTZ (60 mg/kg, i.p.) 30 min-
utes after antagonist/agonist administration 
and followed up for 30 min after PTZ adminis-
tration for the appearance of seizures, by elec-
trographic and behavioral methods. Latency to 
myoclonic jerks and tonic-clonic seizures were 
recorded, in seconds. We attributed a cut-off 
time of 30 minutes for those animals that did 
not present EEG seizures during the observa-
tion period, for statistical purposes. EEG sig-
nals were amplified, filtered (0.1 to 70.0 Hz, 
bandpass), digitalized (sampling rate 256 Hz) 
and stored in a PC for off-line analysis, as 
described below. Seizures were defined by the 
occurrence of ictal episodes characterized by 
the following alterations in the recording leads: 
spikes (≥ 2 × baseline) plus slow waves, multi-
spikes (≥ 2 × baseline, ≥ 3 spikes/complex) 
plus slow waves, multiple sharp waves (≥ 2 × 
baseline) in long spindle episodes (≥ 5 s)  

or major seizure (repetitive spikes plus slow 
waves, ≥ 5 sec) [9]. Rhythmic scratching of  
the electrode headset rarely caused artifacts, 
which were easily identified and discarded.A 
separate set of animals was used to assess 
whether the EP1 and EP3 agonists (ONO-
DI-004 and ONO-AE-248) might pharmacologi-
cally prevent the anticonvulsant actions of 
ONO-8713 and ONO-AE3-240 (EP1 and EP3 
antagonists, respectively). This possibility was 
investigated by injecting a non-effective dose 
of EP1 (3 µg/kg, s.c.), EP3 (3 µg/kg, s.c.) ago-
nists or their respective vehicles, followed by 
EP1 (10 µg/kg, s.c.), EP3 (10 µg/kg, s.c.) antag-
onists or their respective vehicles, 30 and 15 
min before PTZ (60 mg/kg, i.p.) seizure induc-
tion, respectively.

Na+, K+-ATPase activity measurements 

Na+, K+-ATPase has been identified as a target 
for PGE2-mediated signaling in adult rat hippo-
campal slices [38]. The effect of EP1 and EP3 
ligands on Na+, K+-ATPase activity was mea-
sured. Immediately after the EEG recordings, 
the animals were sacrificed. Cerebral cortices 
and hippocampi were dissected, weighed and 
immediately frozen at -80°C. On the experi-
mental day, each sample was gently homoge-
nized (7-10 strokes) in ice-cold 10 mM Tris-HCl 
(pH 7.4) for Na+, K+-ATPase activity determina-
tion [39]. Briefly, the assay medium consisted 
of 30 mM Tris-HCl (pH 7.4), 0.1 mM EDTA, 50 
mM NaCl, 5 mM KCl, 6 mM MgCl2 and 50 µg of 
protein in the presence or absence of ouabain 
(1 mM), in a final volume of 350 µL. The reac-
tion was started by the addition of adenosine 
triphosphate (ATP) to a final concentration of 5 
mM. After 30 min, the reaction was stopped by 
the addition of 70 µL of 50% (w/v) trichloroace-
tic acid. Appropriate controls were included in 
the assay for non-enzymatic hydrolysis of ATP. 
The amount of inorganic phosphate (Pi) releas- 
ed was quantified by the colorimetric method 
using KH2PO4 as reference standard. Specific 
Na+, K+-ATPase activity was calculated by sub-
tracting the ouabain-insensitive activity from 
the overall activity (in the absence of ouabain) 
and expressed in nmol Pi/mg protein/min. 
Protein content was measured colorimetrically 
by the Bradford [40] method using bovine 
serum albumin (1 mg/ml) as standard.

Statistical analyses

Latencies to myoclonic jerks and to tonic-clonic 
seizures were analyzed by Kruskal-Wallis, fol-
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lowed by nonparametric Dunn’s multiple com-
parison test, when indicated. Data are present-
ed as median and interquartile ranges. Total 
time spent in seizures, mean amplitude of EEG 
recordings and Na+, K+-ATPase activity were 
analyzed by one- or two-way ANOVA followed by 
Bonferroni’s test, depending on the experi- 
mental design. Data are expressed as mean + 
S.E.M. A probability of P < 0.05 was considered 
significant, and H and F values are shown only 
if P < 0.05. 

Results

Pharmacological modulation of EP1 receptor 
alters PTZ-induced seizures in mice 

Figure 1 shows the effect of the EP1 agonist 
ONO-DI-004 and the EP1 antagonist ONO-
8713 on PTZ-induced seizures, measured as 
the latency to the first isolated myoclonic jerk, 
with concomitant spike activity on EEG record-
ings (A), latency to generalized tonic-clonic sei-
zures (B), and total time spent in generalized 
seizures (C). Statistical analysis revealed that 
ONO-8713 increased the latency to myoclonic 
jerks [H (2) = 14.49, P < 0.05, Figure 1A], as 
well as to generalized seizures [H (2) = 11.77, P 
< 0.05, Figure 1B]. ONO-DI-004 did not signifi-
cantly alter these parameters (Figure 1A and 
1B). Figure 1C shows that the EP1 antagonist 
decreased total time spent in generalized  
seizures, when compared with vehicle-injected 
group [F (2, 15) = 22.17, P < 0.05]. However, 
mice that received the EP1 agonist spent more 
time in seizures than the respective control 
group [F (2, 15) = 22.17, P < 0.05]. Quantitative 
analyses of EEG trace amplitudes before and 
after PTZ injection are shown in Figure 1D and 
1E, for ONO-DI-004 and ONO-8713, respective-
ly. Although ONO-DI-004 did not alter seizure 

onset, it significantly increased the mean ampli-
tude (in μV) of EEG ictal traces, when compared 
with the vehicle group [F (2, 18) = 11.86, P < 
0.05]. Statistical analysis also revealed a sig-
nificant decrease in mean amplitude (in μV) of 
EEG ictal traces of ONO-8713-treated animals, 
when compared with the vehicle group [F (2, 
24) = 20.93, P < 0.05]. Representative EEG pa- 
tterns are presented in Figure 1F-H (for vehi-
cle-, ONO-DI-004-, and ONO-8713-treated gro- 
ups, respectively), showing the ictal activity 
induced by PTZ injection. PTZ injection caused 
the appearance of multispike plus slow waves 
and major seizure activity, which coincided  
with myoclonic jerks. Generalized seizures 
appeared in the EEG recordings as the major 
seizure activity, and were characterized by  
2-3 Hz high-amplitude activity (Figure 1F-H). 
After the ictal discharge, postictal EEG sup-
pression and slow waves were observed, cor-
relating with behavioral catalepsy. 

Last, we investigated the consequences of  
co-administration of the EP1 agonist with the 
EP1 antagonist. ONO-DI-004 (3 µg/kg, s.c.) 
prevented the anti-seizure effect of ONO-8713 
(10 µg/kg, s.c.) on PTZ-induced seizures, mea-
sured as the latency to the first generalized 
tonic-clonic seizure [H (3) = 11.50, P < 0.05, 
Figure 1I], but not as the latency to myoclonic 
jerks (P > 0.05, data not shown). 

Effect of EP1 receptor modulation on Na+, K+-
ATPase activity

Figure 2 shows the effect of ONO-DI-004 (10 
µg/kg, s.c., Figure 2A) and ONO-8713 (10 µg/
kg, s.c., Figure 2B) on Na+, K+-ATPase activity in 
homogenates of cerebral cortex and hippo- 
campus. The subcutaneous administration of 
ONO-DI-004 or ONO-8713 did not alter the Na+, 

Figure 1. (A-C) Effect of EP1 receptor agonist and antagonist (ONO-DI-004 and ONO-8713, respectively; 10 µg/kg, 
s.c.) on PTZ-induced seizures (60 mg/kg, i.p.). (A) Latency to myoclonic jerks. (B) Latency to tonic-clonic generalized 
seizure. (C) Total time spent in generalized seizures. Data expressed as median and interquartile range (A and B), 
and mean + SEM (C), for n = 6-12 in each experimental group. (D, E) Effect of EP1 receptor agonist (D) and antago-
nist (E) (ONO-DI-004 and ONO-8713, respectively; 10 µg/kg, s.c.) on the mean amplitude of EEG recordings in the 
cortex of animal injected with PTZ (60 mg/kg, i.p.). Mean amplitude of EEG recordings was analyzed by two-way 
ANOVA followed by the Bonferroni’s test and expressed as mean + S.E.M, for n = 6-12 in each experimental group. 
(F-H) Representative electrocorticographic recordings of animals after PTZ injection are represented as follows: 
(F) vehicle, (G) ONO-DI-004, and (H) ONO-8713. Black and white arrowheads indicate PTZ injection and seizures 
latency, respectively, and the y-axis (amplitude) and x-axis (time) calibration bar is the same for all traces. (I) Effect 
of ONO-DI-004 (3 µg/kg, s.c.) administration, followed or not by ONO-8713 (10 µg/kg, s.c.), on PTZ-induced seizures, 
measured as latency to tonic-clonic seizure. ONO-DI-004 (3 µg/kg, s.c.) prevented the protective effect of ONO-8713 
(10 µg/kg, s.c.) against PTZ-induced seizures. Data expressed as median and interquartile range for n = 3-7 in each 
group. A probability of P < 0.05 was considered significant. *P < 0.05, and **P < 0.01, when compared with vehicle 
or vehicle + vehicle group.
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K+-ATPase activity per se. ONO-DI-004 acc- 
entuated the PTZ-induced reduction in Na+, 
K+-ATPase activity in homogenates of both 
cerebral cortex and hippocampus [F (1, 16) = 
5.645 P < 0.05, for cerebral cortex, and F (1, 
16) = 11.88, P < 0.05, for hippocampus, Figure 
2A]. The EP1 antagonist ONO-8713 prevented 
the PTZ-induced decrease of Na+, K+-ATPase 
activity [F (1, 16) = 13.03, P < 0.05, for cerebral 
cortex, and F (1, 16) = 19.93, P < 0.05, for  
hippocampus, Figure 2B]. At the non-effective 
dose of 3 µg/kg, ONO-DI-004 did not alter Na+, 
K+-ATPase activity per se (P > 0.05, Figure 2C), 
but also accentuated the PTZ-induced decrea- 
se of Na+, K+-ATPase activity. Co-administration 
of the EP1 agonist ONO-DI-004 prevented the 
protective effect of the EP1 antagonist ONO-

8713 on Na+, K+-ATPase activity in cortical and 
hippocampal homogenates [F (1, 12) = 10.39, 
P < 0.05, for cerebral cortex, and F (1, 12) = 
7.678, P < 0.05, for hippocampus, Figure 2D].

Effects of pharmacological modulation of EP3 
receptor on PTZ-induced seizures 

The effect of the EP3 agonist ONO-AE-248 (10 
µg/kg, s.c.) and of the EP3 antagonist ONO-
AE3-240 (10 µg/kg, s.c.) on PTZ-induced sei-
zures is shown in Figure 3. Statistical analysis 
revealed that the EP3 receptor agonist de- 
creased the latency to clonic [H (2) = 14.34, P < 
0.05, Figure 3A] and to generalized seizures [H 
(2) = 18.78, P < 0.05, Figure 3B]. The EP3 re- 
ceptor antagonist significantly increased both 

Figure 2. (A-D) EP1 receptors ligand effects on Na+, K+-ATPase activity in the brain. ONO-DI-004 (10 µg/kg, s.c.) in-
creases (A) and ONO-8713 (10 µg/kg, s.c.) prevents (B) PTZ-induced decrease of Na+, K+-ATPase activity in cerebral 
cortex and hippocampus homogenates in mice. Data are presented in nmol Pi/mg protein/min, as mean + S.E.M., 
for n = 5 in each group. Data were analyzed by a two-way ANOVA followed by the Bonferroni’s test. (C) ONO-DI-004 
(3 µg/kg, s.c.) does not present per se effect on Na+, K+-ATPase (P > 0.05 by Student’s t-test, for n = 5). (D) Two-way 
ANOVA followed by the Bonferroni’s test revealed that ONO-DI-004 (3 µg/kg, s.c.) accentuated  PTZ-induced de-
crease of Na+, K+-ATPase activity and prevented ONO-8713 (10 µg/kg, s.c.) effect on this enzyme activity in cerebral 
cortex and hippocampus homogenates in mice. Data are presented in nmol Pi/mg protein/min, as mean + S.E.M., 
for n = 5 in each experimental group. *P < 0.05, when compared with the respective control group; #P < 0.05, when 
compared with vehicle group.
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onset parameters [H (2) = 14.34, P < 0.05, 
Figure 3A, for myoclonic jerks; H (2) = 18.78, P 
< 0.05, Figure 3B, for generalized seizures]. 
ONO-AE-248- and ONO-AE3-240-injected ani-
mals respectively spent less and more [F (2, 
21) = 13.6, P < 0.05] time in generalized sei-
zures compared with control group (Figure 3C). 
ONO-AE-248 and ONO-AE3-240 respectively 
increased and decreased the mean amplitude 
of EEG recordings of PTZ-induced seizures  
[F (2, 24) = 41.9, P < 0.05, Figure 3D; and F (2, 
24) = 184.8, P < 0.05, Figure 3E, respectively]. 
Representative EEG recordings of animals 
treated with PTZ and vehicle, ONO-AE-248  
or ONO-AE3-240 are shown in Figure 3F-H, 
respectively.

In co-administration experiments, ONO-AE-248 
(3 µg/kg, s.c.) prevented ONO-AE3-240-induc- 
ed protection against PTZ-induced seizures, 
measured as the latency to myoclonic jerks [H 
(3) = 5.745, P < 0.05, data not shown], and to 
generalized seizure [H (3) = 11.90, P < 0.05, 
Figure 3I].

Effect of EP3 receptor modulation on Na+, K+-
ATPase activity

Similarly to the findings obtained with EP1 
ligands, the EP3 receptor agonist decreased  
Na+, K+-ATPase activity only in those mice which 
had PTZ-induced seizures [F (1, 16) = 7.082, P 
< 0.05, for cerebral cortex and F (1, 16) = 
6.238, P < 0.05, for hippocampus, Figure 4A]. 
The EP3 receptor antagonist prevented the ex- 
pected decrease of Na+, K+-ATPase activity elic-
ited by PTZ [F (1, 16) = 7.024, P < 0.05, for cere-
bral cortex, and F (1, 16) = 4.615, P < 0.05, for 
hippocampus, Figure 4B]. Additionally, the EP3 
agonist ONO-AE-248 (3 µg/kg, s.c.) accentuat-
ed PTZ-induced decrease of Na+, K+-ATPase 

activity, and prevented the protective effect of 
the EP3 antagonist (ONO-AE3-240, 10 µg/kg, 
s.c.) on Na+, K+-ATPase activity in homogenates 
of cerebral cortex and hippocampus [F (1, 14) = 
9.637, and F (1, 14) = 9.244, respectively, P < 
0.05, Figure 4D].

Discussion

There remains a need to identify novel targets 
for seizure control for the pharmacorefractory 
epilepsy population. Supporting a role for in- 
flammation in epilepsy, Rumià and colleagues 
[41] have shown an important increase in PGE2 
and TXA2 levels in neocortex from patients with 
intractable epilepsy, suggesting that selective 
blockade of prostanoid receptors may consti-
tute a novel strategy for epilepsy treatment. 
Furthermore, EP1 is an important signaling fac-
tor that mediates P-glycoprotein up-regulation 
at the blood-brain barrier during seizures [45]. 
Notably, P-glycoprotein overexpression has be- 
en proposed as one mechanism contributing to 
pharmacoresistance in drug-refractory epilepsy 
[46]. The present study has answered key ques-
tions that could facilitate pre-clinical develop-
ment. Here we tested the effects of systemic 
injections of ligands acting on the EP1 and EP3 
receptors on brief, generalized seizures induc- 
ed by PTZ. The PTZ model triggers seizures via 
GABAergic blockade and is widely used for 
screening compounds with potential anti-con-
vulsant actions. The current study shows that 
systemic administration of EP1 and EP3 antag-
onists attenuate PTZ-induced seizures, where-
as the systemic administration of EP1 and EP3 
agonists facilitated PTZ-induced seizures and, 
at doses that had no effect on seizures per se, 
blocked the anti-seizure effects of EP1 and  
EP3 antagonists. Systemic administration of 
EP1 and EP3 antagonists also prevented the 

Figure 3. (A-C) Effect of EP3 receptor agonist and antagonist (ONO-AE-248 and ONO-AE3-240, respectively; 10 µg/
kg, s.c.) on PTZ-induced seizures (60 mg/kg, i.p.). (A) Latency to myoclonic jerk. (B) Latency to tonic-clonic general-
ized seizure. (C) Total time spent in generalized seizures. Data expressed as median and interquartile range (A and 
B), and mean + SEM (C), for n = 8 in each experimental group. (D, E) Effect of EP3 receptor agonist (D) and antago-
nist (E) (ONO-AE-248 and ONO-AE3-240, respectively; 10 µg/kg, s.c.) on the mean amplitude of EEG recordings in 
the parietal cortex of animal injected with PTZ (60 mg/kg, i.p.). Mean amplitude of EEG recordings was analyzed by 
two-way ANOVA followed by the Bonferroni’s test and expressed as mean + S.E.M., for n = 8 in each group. (F-H) Rep-
resentative electrocorticographic recordings of animals after PTZ injection are represented as follows: (F) vehicle, 
(G) ONO-AE-248, and (H) ONO-AE3-240. Black and white arrowheads indicate PTZ injection and seizures latency, 
respectively, and the y-axis (amplitude) and x-axis (time) calibration bar is the same for all traces. (I) Effect of ONO-
AE-248 (3 µg/kg, s.c.) administration, followed or not by ONO-AE3-240 (10 µg/kg, s.c.), on PTZ-induced seizures, 
measured as latency to the first tonic-clonic seizure (I). ONO-AE-248 (3 µg/kg, s.c.) prevented the protective effect 
of ONO-AE3-240 (10 µg/kg, s.c.) against PTZ-induced seizures. Data expressed as median and interquartile range 
for n = 3-6 in each group. A probability of P < 0.05 was considered significant. *P < 0.05, and **P < 0.01, when 
compared with vehicle or vehicle + vehicle group.
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PTZ-induced decrease of Na+, K+-ATPase acti- 
vity in the cerebral cortex and hippocampus, 
whereas EP1 and EP3 agonists potentiated 
PTZ-induced decrease of Na+, K+-ATPase activi-
ty in both cerebral structures. Together, these 
findings support the targeting of the EP1 and 
EP3 receptor for the treatment of seizures.

The EP1 and EP3 receptors are key mediators 
of inflammation. However, they are constitu- 
tively expressed in the brain where they may 
regulate brain excitability. The currently report-
ed reduction of PTZ-induced seizures by EP1 
and EP3 antagonists (ONO-DI-004 and ONO-
AE3-240, respectively) fully agrees with the pre-
vious finding that the i.c.v. administration of an 
EP1 antagonist (SC-19220) or an EP3 antago-

nist (L-826266) decreases PTZ-induced sei-
zures in rats [9]. Importantly, it extends these 
findings to mice and reveals that EP1 and EP3 
ligands can be delivered via a clinically-relevant 
route of administration, and suggests they do 
not encounter problems crossing the blood-
brain barrier. Although the present experiments 
were not designed to detect side effects of the 
ligands, and very little is known about their bio-
activity [47], we did not observe any obvious 
behavioral changes in the mice suggestive of 
toxicity. Additionally, EP1 or EP3 knockout mice 
were reported to be normal as regards behavior 
and morphology [44].

From a pharmacological perspective, the cur-
rent study provides strong evidence for a role of 

Figure 4. (A-D) Effects of EP3 receptor ligands on Na+, K+-ATPase activity. ONO-AE-248 (10 µg/kg, s.c.) augments (A) 
and ONO-AE3-240 (10 µg/kg, s.c.) prevents (B) PTZ-induced decrease of Na+, K+-ATPase activity in cerebral cortex 
and hippocampus homogenates in mice. Data are presented in nmol Pi/mg protein/min, as mean + S.E.M., for n = 
5 in each group. The Na+, K+-ATPase activity was analyzed by two-way ANOVA followed by the Bonferroni’s test. (C) 
ONO-AE-248 (3 µg/kg, s.c.) does not present per SE effect on Na+, K+-ATPase (P > 0.05 by Student’s t-test, for n = 
5). (D) Two-way ANOVA followed by the Bonferroni’s test revealed that ONO-AE-248 (3 µg/kg, s.c.) accentuated PTZ-
induced decrease of Na+, K+-ATPase activity and prevented ONO-8713 (10 µg/kg, s.c.) effect on this enzyme activity 
in cerebral cortex and hippocampus homogenates in mice. Data are presented in nmol Pi/mg protein/min, as mean 
+ S.E.M., for n = 5 in each experimental group. *P < 0.05, when compared with the respective control group; #P < 
0.05, when compared with vehicle group.
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EP1 and EP3 receptors in seizure initiation 
and/or propagation, because: (i) the anticonvul-
sant effect initially observed for EP1 and EP3 
antagonists [38] was confirmed with chemically 
diverse compounds, of the same pharmacologi-
cal class; (ii) EP1 and EP3 agonists facilitated 
PTZ-induced seizures, the expected effect if 
these receptors were involved in seizure initia-
tion and/or propagation; (iii) The protective 
effect of the EP1 and EP3 antagonists were 
prevented by the respective agonists at doses 
that had no effect per se on PTZ-induced sei-
zures (non-effective doses), indicating its speci-
ficity and further indicating a role for both EP1 
and EP3 receptors in this seizure model. In this 
respect, early evidence that EP1 and EP3 re- 
ceptors are involved in PTZ-induced seizures 
came from an experiment that has shown that 
the protective effect of EP1 and EP3 antago-
nists against PTZ-induced seizures was pre-
vented by the nonspecific agonist PGE2. It is 
well known that introducing a nonspecific ago-
nist in a biological system in which a specific 
antagonist was previously administered, may 
potentiate the action of co-occurring receptor 
subtypes. Therefore, one might reasonably ar- 
gue that previously reported prevention of EP1 
and EP3 blockade effects by PGE2 could be due 
to an agonistic-type interaction with respective-
ly available EP3 and EP1 receptors. The current 
results largely exclude this possibility, since the 
EP1 agonist (ONO-DI-004) has a very low affin-
ity for EP3 receptors (Ki > 104 for EP3 receptor). 
Accordingly, the EP3 agonist ONO-AE-248 has 
also very low affinity for EP1 receptors (Ki = 
590 nM for EP3 receptor), if compared with its 
affinity to the EP3 receptor (Ki = 0.23 nM) [22].

Another finding of importance in the present 
study was the comparable effects of EP1 and 
EP2 receptor antagonists. We did not notice 
significant differences in seizure suppression 
between EP1 and EP3 antagonists, although 
we did not directly compare their effects in a 
single experiment. Future studies could assess 
the combination of both antagonists and look 
for potential synergistic effects on seizure sus-
ceptibility. This could represent an important 
next step before decisions on pre-clinical de- 
velopment.

Seizures are known to influence a multitude of 
downstream pathways and here we investi- 
gated how EP1 and EP3 receptor modulation 
affected the Na+, K+-ATPase. We found that 

modulation of EP1 or EP3 altered PTZ-induced 
decrease of Na+, K+-ATPase activity in the ce- 
rebral cortex of mice. This extends previous 
data by Fighera et al. [30], and Souza and col-
leagues, who showed a dose-dependent dele-
terious effect of PTZ on this pump [42]. Mo- 
reover, the protective effect of EP1 and EP3 
antagonists on PTZ-induced decrease of Na+, 
K+-ATPase activity in cerebral cortex and hippo-
campus ex vivo is also, to some degree, in 
agreement with a previous study that has 
shown that EP1 and EP3 antagonists prevent 
PGE2-induced decrease of Na+, K+-ATPase ac- 
tivity in slices of rat hippocampus [38]. While 
one cannot define whether the currently ob- 
served decrease of Na+, K+-ATPase activity is a 
cause or consequence of the convulsive activi-
ty, it is intriguing that manipulation of PGE2  
signaling through EP1 and EP3 receptors alter 
convulsive activity and sodium pump activity 
with notable congruence. While EP1 and EP3 
agonists potentiate PTZ-induced decrease of 
sodium pump activity and facilitate seizures, 
the respective antagonists have the opposite 
effect. In fact, current experimental and clini- 
cal evidence suggests that increased neuronal 
activity increases cyclooxygenase activity by 
NMDA receptor-mediated activation of nitric 
oxide synthase and S-nitrosylation of the en- 
zyme [43], with consequent increased produc-
tion of PGE2. Therefore, it is possible that the 
currently observed inhibitory effect of PTZ on 
Na+, K+-ATPase activity may involve primary 
excitatory-induced production of PGE2, with 
consequent activation of EP1 and EP3 recep-
tors. In summary, we showed that EP1 and EP3 
receptors modulate PTZ-induced seizures and 
Na+, K+-ATPase activity in mice. Antagonism of 
either receptor, and perhaps a combination of 
the two, may represent a novel anticonvulsant 
strategy for seizure control in epilepsy.
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