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Abstract

Rationale—Seizures during status epilepticus (SE) cause neuronal death and induce 

cyclooxygenase-2 (COX-2). Pilocarpine-induced SE was used to determine if COX-2 inhibition 

with NS-398, when administered alone or with diazepam, decreases the duration and/or intensity 

of SE and/or reduces neuronal injury in the rat hippocampus.

Methods—Electroencephalogram (EEG) electrodes were implanted in male Sprague-Dawley 

rats. SE was induced with lithium-pilocarpine, and continuous EEG and video monitoring were 

performed for 24 h. Rats were divided into four groups (n = 8-14 rats/group) and received NS-398, 

diazepam, NS-398 and diazepam, or vehicle 30 min after the first motor seizure. Six hours later, 

NS-398 injection was repeated in the NS-398 and in the NS-398 + diazepam groups. The duration 

of SE (continuous spiking) and the EEG power in the γ-band were analyzed. FluoroJade B 

staining in the dorsal hippocampus at 24 h after SE was analyzed semi-quantitatively in CA1, CA3 

and hilus.

Results—The duration and intensity of electrographic SE was not significantly different across 

the four groups. In rats treated with NS-398 alone, compared to vehicle-treated rats, neuronal 

damage was significantly lower compared to vehicle-treated rats in CA3 (27%) and hilus (27%), 

but neuroprotection was not detected in CA1. When NS-398 was administered with diazepam, 

decreased neuronal damage was further obtained in all areas investigated (CA1: 61%, CA3: 63%, 

hilus: 60%).

Conclusions—NS-398, when administered 30 min after the onset of SE with a repeat dose at 6 

h, decreased neuronal damage in the hippocampus. Administration of diazepam with NS-398 

potentiates the neuroprotective effect of the COX-2 inhibitor. These neuroprotective effects 

occurred with no detectable effect on electrographic SE.
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Status epilepticus (SE) is a neurologic emergency that requires prompt intervention to 

prevent long-term morbidity and mortality. Both human clinical studies and rodent models 

of SE indicate that prolonged seizure activity causes neuronal death via several pathways, 

and rapid treatment of SE reduces this injury and subsequent morbidity (Alldredge et al., 

2001; Klitgaard et al., 2002; Lowenstein and Alldredge, 1998; Morimoto et al., 2004). 

Benzodiazepines, such as diazepam and lorazepam, are widely used as first-line agents to 

terminate seizure activity, but unfortunately, SE becomes progressively more refractory to 

these agents after 30-40 minutes (Jones et al., 2002; Naylor et al., 2005; Walton and 

Treiman, 1988). Thus, developing therapies for treating SE that more effectively terminate 

later-stage seizure activity, enhance neuroprotection, or suppress the long-term 

consequences of SE is an important goal.

Inflammatory mediators contribute to the negative consequences of SE (Ravizza et al., 2011; 

Vezzani et al., 2012). The cyclooxygenase-2 (COX-2) pathway, in particular, has been 

studied in many animal models of SE and reportedly affects neuronal excitability (Chen and 

Bazan, 2005; Zhang et al., 2008), susceptibility to neuronal death (Ho et al., 1998; 

Kawaguchi et al., 2005), and influx of several antiepileptic drugs across the blood brain 

barrier (Bauer et al., 2008; Schlichtiger et al., 2010; van Vliet et al., 2010), all of which may 

influence the severity of SE. COX-2 is an inflammatory enzyme involved in prostaglandin 

synthesis that is expressed under basal conditions in excitatory neurons from cortex, 

hippocampus, hypothalamus and amygdala (Adams et al., 1996; Kaufmann et al., 1996; 

Yamagata et al., 1993). Increased synaptic activity associated with seizures markedly 

amplifies the expression of COX-2 within 30 min from the beginning of seizures, with the 

peak effect estimated to be about 24 h in different animal models of seizures (Jung et al., 

2006; Kawaguchi et al., 2005; Takemiya et al., 2006; Voutsinos-Porche et al., 2004). COX-2 

knockout mice showed decreased incidence of after-discharges, reduced after-discharge 

duration, and delayed induction of convulsive seizures compared to control mice after rapid 

kindling, suggesting that COX-2 facilitates the recurrence of seizures (Takemiya et al., 

2003). The COX-2 pathway has also been implicated in regulating the transport of several 

antiepileptic drugs across the blood brain barrier (Schlichtiger et al., 2010; van Vliet et al., 

2010). Thus hypothetically, COX-2 inhibitors could directly suppress SE, facilitate transport 

of antiepileptic drugs to brain tissue, and reduce subsequent damage to neurons. However, 

when attempts to study the effect of COX-2 inhibition on the severity of SE and resultant 

neuronal damage using primarily behavioral observation of seizure activity, blocking of the 

COX-2 pathway has given mixed results, with some studies showing neuroprotection (Bauer 

et al., 2008; Jung et al., 2006; Kunz and Oliw, 2001b; Polascheck et al., 2010; Takemiya et 

al., 2006), and others showing no neuroprotection (Holtman et al., 2010; Holtman et al., 

2009; Pekcec et al., 2009) or even exacerbation of neuronal death (Baik et al., 1999; Kim et 

al., 2008).
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The aim of the present study was to investigate the effect of COX-2 inhibition, both alone 

and in the presence of diazepam, on the severity of SE and on neuronal damage. Brain 

electrical activity was monitored continuously for 24 h with subdural EEG electrodes, thus 

allowing analysis of the effect of COX-2 and diazepam on the electrographic SE, not just 

behavioral seizure activity. Neuronal damage in the hippocampus was assessed by 

FluoroJade B staining of brain sections obtained 24 h after induction of SE. We 

hypothesized that inhibition of COX-2 decreases the duration and/or intensity of 

electrograpic SE, possibly through decreased pharmacoresistance to benzodiazepines, with 

resultant neuroprotection.

Experimental Procedures

Experimental animals

Adult male Sprague-Dawley rats (Charles River, USA) weighing 250 - 400 g were kept 

under 12 h light/dark conditions with free access to food and water. All procedures were 

approved by the University of Utah Animal Care and Use Committee.

Electrode implantation

The animals were anesthetized with isoflurane (2%) and placed in a stereotaxic device. 

Bipolar electrodes (MS333-3-B, Plastics One, Roanoke, VA) were used for subdural 

recordings. Two holes (500 μm) were drilled on the right side of the midline under the 

bregma, and one lead was placed into each of the craniotomies to provide differential 

recordings. A third lead was placed in a third craniotomy left of the midline to be used as the 

ground electrode. Three additional screws were implanted in the skull, then the electrodes 

were fixed in place with dental cement and the skin was sutured around the skull. After 

surgery, the animals were put on a 12-h light/dark cycle and fed standard rat chow ad 

libitum. After recovery from the surgery (≥7 days), the animals were treated with 

pilocarpine.

Video and EEG recording

Implanted animals were placed into cages with commutators (Plastics One, Roanoke, VA) 

and connected to cables via their skull caps for EEG recordings. Signals were amplified 

using EEG100C amplifiers (high-pass filter, 1 Hz; low-pass filter, 35 Hz; 5,000× gain), 

digitized at 500 Hz using an MP150 digital-analog converter, and acquired with 

AcqKnowledge acquisition software (BioPac Systems, Santa Barbara, CA). While the rats 

were tethered in these cages, they were continuously video monitored using eight color 

cameras linked to a multiplexer to allow for eight animals to be recorded on one DVD. 

Recordings were obtained for 24 h across three DVD recorders (DMR-ES20, Panasonic), 

each recording for an 8-h period.

SE induction

Animals were connected to the video-EEG recording system and pretreated with LiCl (127 

mg/kg, i.p., 18 h before pilocarpine injection, Fig. 1A). Scopolamine bromide (1 mg/kg, ip) 

was administered 30 min before the injection of pilocarpine (50 mg/kg, ip). For one set of 

experiments, animals were grouped in two categories: 1) animals receiving a vehicle 
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injection, 0.5% methylcellulose, (vehicle group, n = 14), and 2) animals receiving COX-2 

inhibitor (NS-398, 10 mg/kg, i.p., Cayman Chemical, MI USA, NS-398 group, n = 11) 30 

min after the first convulsive seizure. The injections were repeated after 6 h. This 

concentration of NS-398 has been reported to significantly reduce COX-2 activity in the 

brain as measured by PGE2 activity in a rat model of kainate-induced SE (Takemiya et al., 

2006). Based on our experience with pilocarpine-induced SE model, the mortality rate in the 

vehicle group is about 35%, so we used a higher number of animals in this group than in the 

NS-398 group. In a second set of experiments, three different groups of rats received: 1) 

vehicle (n = 14), 2) diazepam (10 mg/kg, n = 8), and 3) diazepam + NS-398 (10 mg/kg each, 

n = 9) 30 min after the first convulsive seizure. NS-398 injection was repeated at 6 hours in 

diazepam + NS-398 group, while the other groups received vehicle. EEG-video recordings 

were obtained for 24 h after induction of SE (Fig. 2). During this period of time, the 

mortality rate was: 29% and 36% in vehicle groups, 9% in NS-398 group, 0% in diazepam 

group, and 11% in diazepam + NS-398 group.

Analysis of electrographic SE

An algorithm that extracts the energy in the γ-band was used to evaluate the efficacy of 

NS-398 and/or diazepam on electrographic SE (Lehmkuhle et al., 2009). This program 

filters the EEG to reduce the movement artifacts (<20 and >70 Hz), and models the energy 

with an eighth-order polynomial to estimate the effect of the drug over a 10-h period with 

10-min resolution. This approach allowed statistical comparisons to be made across 

treatment groups at selected time points. To normalize the electrographic seizure data across 

animals, the time of drug administration was considered 100% and data is presented as 

percent change in power. The duration of electrographic SE was considered to be the period 

of time in which the animal displayed continuous spiking activity without periods of 

inactivity between the spiking (Fig. 1B).

Histology

Histology was performed on brains obtained 24 h after induction of SE. Rats were deeply 

anesthetized with isoflurane and perfused transcardially with ice-cold saline followed by 

10% formalin (pH 7.4). Brains were removed immediately after perfusion, post-fixed in the 

same fixative for one night at 4°C, and impregnated with 30% sucrose diluted in phosphate 

buffer. Coronal sections (40 μm) were cut on a sliding microtome in serial order starting at 

the genu of the corpus callosum (anterior) to the brain stem (posterior), and every third 

section was mounted serially. In adult rats, pilocarpine has been shown to cause intense 

neuronal damage throughout the entire hippocampus, with the hilar region of the dentate 

gyrus showing the greatest damage in the ventral (vs. dorsal) hippocampus (Covolan and 

Mello, 2000; Covolan and Mello, 2006). Fujikawa (1996) reported that CA3 damage is the 

same in the dorsal and ventral regions, while CA1 and dentate gyrus showed only slightly 

greater neuronal damage in the ventral vs. dorsal hippocampus. In the present experiments, 

the number of FluoroJade B-stained neurons was examined in coronal sections of the dorsal 

hippocampus, where the amount of damage is adequate to detect a possible neuroprotective 

effect of the COX-2 inhibitor.
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COX-2 immunostaining

In a separate set of experiments, brain sections from naïve (no electrode implanted) animals 

were immunostained with COX-2 antibody and compared to sections from animals given 

lithium pilocarpine and vehicle or lithium pilocarpine and NS-398. Tissue from 2-3 animals 

were used for each group. Brain sections obtained 24 h after SE were serially incubated in 

5% normal rabbit serum, COX-2 goat polyclonal antibody (1/200 dilution for 48 h, at 4° C, 

Santa Cruz Biotechnology), and then with the secondary antibody (biotinylated rabbit anti-

goat IgG, 1/200 dilution) followed by avidin-biotin complex (diluted 1/200 in 0.3 Triton in 

PBS). Diaminobenzidine tetrahydrochloride was used as the peroxidase substrate to 

visualize sites of antibody binding. Negative controls (incubation without first antibody) 

were performed in order to check the specificity of the antibody (Voutsinos-Porche et al., 

2004).

FluoroJade B assessment of neuronal damage

Every third brain section of the dorsal hippocampus was immersed in ethanol (100 and 

70%), distilled water, and 0.06% potassium permanganate, and then placed in 0.001% 

FluoroJade B staining solution for 30 min at room temperature (Voutsinos-Porche et al., 

2004). After being rinsed in distilled water, dried, immersed in 100% ethanol followed by 

toluene, and then mounted, sections were examined with a fluorescence microscope (Zeiss 

Imager Z1) and high-resolution digital images of the hippocampus in each hemisphere were 

obtained. Digital image of each section was used for the automated counting of the 

FluoroJade B-stained cells using the AutoMeasure function of the AxioVision 4.3 software 

from Carl Zeiss. The software could automatically identify the objects of interest based on 

their brightness, color and descriptive parameters (shape, size). Stained neurons in the area 

of CA1, CA3 and hilus of the dentate gyrus were counted and the values from left and right 

hemispheres were added together. The investigator performing the quantification was 

blinded to the treatment of the animals. The three values were added for each area of the 

hippocampus and then for the two hippocampi (right and left), in order to have one value for 

each section (our data showed no difference in neuronal damage in the left vs. right 

hippocampus). The results obtained from all sections were averaged to have one value for 

CA1, CA3 and hilus, respectively, for each brain. Those values obtained for each brain (n = 

8-10/group) were used in the statistical analysis.

Statistical comparisons

The electrographic seizure activity was modeled with an eighth-order polynomial and 

statistical analysis was performed using Mann-Whitney U-test. For the assessment of 

neuronal damage, values are given as mean value ± SEM. Statistical comparisons were 

performed on the numbers of FluoroJade B positive cells using one-way ANOVA followed 

by a Tukey test. P < 0.05 was assumed to indicate significant differences.
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Results

Lithium Pilocarpine with and without COX-2 inhibition and/or diazepam evokes prolonged 
SE

Treatment with lithium-pilocarpine evoked prolonged and sustained SE lasting several hours 

(Fig. 2). The first convulsive seizure, chosen as time point zero for further treatments, was 

observed clinically as either Racine stage 4 (rearing) or 5 (rearing with falling). Within a 

few minutes, all animals progressed to Racine stage 5 behavior, and had been in sustained 

SE when treatment was given at 30 min. During the 24 h video EEG monitoring period, the 

mortality rate was: 29% and 36% in vehicle groups, 9% in NS-398 group, 0% in diazepam 

group, and 11% in diazepam + NS-398 group. This trend of reduced mortality with COX-2 

inhibition and/or diazepam did not reach statistical significance, but is consistent with 

previous reports describing this effect (Jiang et al., 2013; Levin et al., 2012; Pitkanen et al., 

2005).

Effect of COX-2 inhibition and/or diazepam on duration and intensity of pilocarpine-
induced SE

Duration of the electrographic SE did not significantly differ between the groups (Fig. 2 and 

3). The period of continuous spiking activity without return to baseline recordings was 

different from animal to animal and varied from 1.4 to 3.9 h. After continuous spiking 

ceased, the animals displayed for many hours regular electrographic bursting separated by 

short periods of inactivity (Fig. 1B). Analysis of the electrographic discharges (algorithm 

described in the Experimental Procedures section) showed no difference in the intensity of 

SE in γ-band after treatment with COX-2 inhibitor and/or diazepam when compared to the 

control conditions (first 10 h from the beginning of SE). Injection of NS-398 and/or 

diazepam (both at 10 mg/kg) did not cause any detectable difference in the severity of 

electrographic discharges (Fig.3).

COX-2 expression at 24 h after pilocarpine-induced SE

Based on previous work using a similar dose of NS-398 that showed decreased PGE2 

production 24 h after kainate-induced SE (Takemiya et al., 2006), we qualitatively assessed 

for changes in COX-2 immunostaining 24 h after pilocarpine-induced SE with and without 

NS-398. Staining with COX-2 antibody of control sections (no SE) showed minimal 

baseline expression of COX-2 in CA1, CA3 and hilus of the dentate gyrus, confirming the 

presence of COX-2 enzyme in the hippocampus under normal physiological conditions. For 

the pilocarpine-treated rats, immunostaining was increased in the vehicle group (SE + 

vehicle) and decreased in sections from rats treated with COX-2 inhibitor (SE + NS-398). 

Seizure-induced upregulation of COX-2 was observed in the neurons of the CA1, CA3 and 

dentate gyrus, as well as in the molecular dendritic layer and hilus of the dentate gyrus, (Fig. 

4). The observed reduction in COX-2 immunostaining with NS-398 24 h after SE is 

consistent with other reports of reduced COX-2 activity or COX-2 products in rat brain after 

administration of NS-398 (Fathali et al., 2010; Takemiya et al., 2006).
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Effect of COX-2 inhibition on neuronal death after pilocarpine-induced SE

Neuronal degeneration was analyzed 1 day after SE in every third section of the dorsal 

hippocampus. Neuronal damage induced by SE was widespread throughout the left and right 

hippocampus, and no difference was found between the two hemispheres. For automated 

counting with the Axiovision program, the entire area of CA1, CA3 and hilus was used for 

the evaluation of neuronal damage. Treatment with COX-2 inhibitor significantly decreased 

the number of FluoroJade B-stained neurons in CA3 and hilus of the dentate gyrus 

(27.1±4% and 26.8±3%, respectively, p<0.05, Fig. 5 and Fig. 6). In the CA1 area, although 

neuronal damage was decreased by 18±6% in the NS-398-treated group, the results were not 

statistically significant. When COX-2 inhibitor was associated with diazepam (10 mg/kg), 

neuronal damage was considerably reduced compared to vehicle rats throughout the entire 

hippocampus: CA1 (61±3%), CA3 (63±6%) and hilus of the dentate gyrus (60±12%), p < 

0.05. Diazepam alone, at the concentration used in this study, did not significantly affect the 

number of FluoroJade B-stained neurons (Fig. 5 and Fig. 7).

Discussion

Three key results were obtained in this study: 1) Treatment with the selective COX-2 

inhibitor NS-398--with or without diazepam--did not have a significant effect on the 

duration or intensity of electrographic SE. 2) COX-2 inhibition significantly decreased 

neuronal damage in CA3 and hilus in the dorsal hippocampus. 3) This effect was greatly 

enhanced when NS-398 was associated with diazepam, and neuroprotection was obtained 

throughout the entire hippocampus.

COX-2 inhibition is neuroprotective within a clinically relevant therapeutic window

Both clinical evidence and animal models of SE have established that neurological outcomes 

generally depend on the severity and duration of SE. In the LiPC SE model, neuronal death 

is observed when SE persists beyond 40-60 min (Fujikawa, 1996), and resistance to 

benzodiazepines occurs within 30-45 min (Jones et al., 2002; Naylor et al., 2005; Pouliot et 

al., 2013). Access to ambulatory emergency personnel often can take 30-60 min. There is 

therefore a theoretical window within this first hour where new therapies would be 

candidates to prevent long-term sequelae if they either 1) reduce the duration of SE, 2) 

suppress the resistance to benzodiazepines, or 3) prevent neuronal death. Our results suggest 

NS-398 alone has a modest, but significant, neuroprotective effect alone, but when used in 

conjunction with a dose of diazepam known to be sub-therapeutic at terminating 

electrographic SE, the neuroprotective effect is enhanced. This combination initiated at 30 

min (with a repeat dose of NS-398 at 6 h) represents a realistic therapeutic intervention to 

consider for future studies.

Previous studies inhibiting COX-2 activity have reported conflicting results regarding 

neuroprotection with some showing neuroprotection (Jung et al., 2006; Kawaguchi et al., 

2005; Kunz and Oliw, 2001b; Polascheck et al., 2010), and others showing either no 

neuroprotection (Holtman et al., 2010; Pekcec et al., 2009) or aggravation of neuronal 

damage (Baik et al., 1999; Kim et al., 2008). Several proposed mechanisms have been 

suggested to explain this discrepancy. Although timing of COX-2 manipulation appeared 
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initially to explain differences in results with earlier pre-SE COX-2 treatment (Baik et al., 

1999; Holtman et al., 2010; Takemiya et al., 2006) usually resulting in poorer 

neuroprotection, subsequent studies by Baik and colleagues comparing pre- and post-SE 

protocols did not find a significant difference (Kim et al., 2008). While pre-SE COX-2 

treatment protocols are important in elucidating COX-2 inhibitor's effects on severity of 

chronic spontaneous seizure activity, it is unclear how clinically relevant these studies are as 

a therapeutic intervention for SE. Another interesting hypothesis is that COX-2 is the 

precursor step to several pathway targets, some that have neuroprotective effects and others 

that aggravate neuronal damage. It is possible that more selective manipulation at these 

downstream targets will result in greater neuroprotection without other adverse outcomes. 

The main product of COX-2 in the brain is prostaglandin E2 (PGE2), which is markedly 

increased after SE. Low concentrations of PGE2 appear to be neuroprotective (Akaike et al., 

1994), while high concentrations may cause neuronal damage (Takemiya et al., 2006; 

Takemiya et al., 2007). Recent studies investigating neurotoxic mechanisms of COX-2 

demonstrate both toxic and paradoxically protective effects of downstream PGE2 receptor 

signaling pathways (Ahmad et al., 2008; Echeverria et al., 2005; Jiang et al., 2013; Kawano 

et al., 2006). Therefore, development of more specific inhibitors/receptor antagonists 

working downstream on the COX-2 inflammatory cascade is necessary and probably the 

best approach for investigating the role of inflammation in the pathology of seizures. A third 

explanation is that other method-specific discrepancies (i.e. rat strain, SE severity, protocol 

differences) account for differences in results. Obviously, any difference in experimental 

design can be a candidate to explain disparate results between studies. However, given our 

finding of enhanced neuroprotection after sub-therapeutic diazepam, the use of diazepam or 

other benzodiazepines in the experimental design warrants closer examination. When 

previous studies have claimed a detrimental effect of COX-2 inhibition (Baik et al., 1999; 

Kim et al., 2008), no benzodiazepine was used. In addition, several studies that did not use a 

benzodiazepine in their protocol concluded that COX-2 inhibition had no effect on 

neuroprotection (Gobbo and O'Mara, 2004; Holtman et al., 2010; Holtman et al., 2009; 

Kunz and Oliw, 2001a), although others did show neuroprotection in hippocampus (Kunz 

and Oliw, 2001b) or, more specifically, CA3 region (Kawaguchi et al., 2005; Takemiya et 

al., 2006) similar to our present study. Previous studies that did include diazepam (Jung et 

al., 2006; Polascheck et al., 2010) did show neuroprotection in both CA1 and CA3 regions 

of hippocampus, again similar to our present study. Thus, even when a variety of different 

protocols are used, there is a trend for greater neuroprotective effects of COX-2 inhibition 

when diazepam is included in the experimental design. While multiple experimental factors 

can influence the results from different studies, the inclusion of diazepam in the 

experimental design should be considered when attempting to account for differences 

between results.

In the present study, neuroprotection was assessed in the dorsal hippocampus. Previous 

work has shown that the area of greatest hippocampal injury after status epilepticus is 

observed in the ventral hippocampus (Ekstrand et al., 2011; Fujikawa, 1996; Williams et al., 

2002), and initiation of spontaneous seizures after status epilepticus is also more often 

observed in this region compared to dorsal hippocampus (Toyoda et al., 2013). These results 

suggest that the ventral hippocampus may have particular significance in the later 
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development of epilepsy. Inspection of brain sections containing ventral hippocampus 

showed that the neuroprotective effect of combined NS-398 and diazepam was observed 

also in the ventral hippocampus, but quantitative analysis was not performed. For studies 

assessing for a possible correlation between hippocampal neuronal injury and 

epileptogenesis, it will be important to include an analysis of ventral hippocampus. 

However, for assessment of general neuroprotection, analysis of dorsal hippocampus may be 

sufficient.

COX-2 inhibition and diazepam did not affect the duration or intensity of SE

No effect of NS-398 and/or diazepam on duration of SE was detected. Similarly, using a 

quantitative algorithm for analyzing the intensity of EEG power in the γ-band, no significant 

difference between the NS-398 and/or diazepam groups and the vehicle group was observed. 

This quantitative analysis of the severity of SE has advantages in detecting subtle changes in 

seizure intensity over many previous assessments of SE, particularly when compared to 

work where only behavioral observation of SE is used. Even with the known inherent 

variability observed in SE EEG traces between different animals, this analysis has 

previously detected effects on SE from other antiepileptic compounds. A positive control for 

this algorithm was first presented by Lehmkuhle et al. (2009), with propofol significantly 

decreasing the EEG power compared to control. Subsequently, suppressive effects on the 

severity of SE were detected for early diazepam treatment (15 min after SE), pentobarbital, 

and sec-butyl-propylacetamide, but similar to the present study later diazepam treatment (30 

min after SE) did not result in a significant difference (Pouliot et al., 2013). Based on in 

vitro data showing that PGE2, the main product of COX-2 enzyme in the brain, increases 

membrane excitability, enhances excitatory postsynaptic potentials (EPSPs) in CA1 

pyramidal neurons (Chen and Bazan, 2005) and induces glutamate release from astrocytes 

(Bezzi et al., 1998), we expected COX-2 inhibitor to reduce the aberrant neuronal activity 

during SE. Our results do not support the hypotheses that COX-2 neuroprotection may be 

partially mediated by changes in status severity. While, we cannot exclude the possibility 

that NS-398 may have decreased neuronal excitability, with the effect being too small to be 

detected with our recording and analysis methods, our results suggest that at least with the 

lithium pilocarpine model, the evoked SE is not significantly influenced by previously 

described COX-2 mediated effects on excitability.

Diazepam enhances neuroprotective effect of COX-2 inhibition

In clinical settings, benzodiazepines represent the first-line drugs for the treatment of SE. 

When COX-2 inhibitor was injected together with diazepam, the neuronal damage was 

greatly decreased to less than half compared to the vehicle group. Diazepam is known to be 

neuroprotective at a higher dose, 20 mg/kg, only when injected within 2 h from induction of 

SE (Pitkanen et al., 2005). We specifically used a low dose of diazepam that does not cause 

significant neuroprotection by itself and does not affect the severity or duration of 

electrographic SE (Pouliot et al., 2013). Diazepam, at 10 mg/kg injected 30 min after the 

first motor seizure, has a strong sedative effect (Pouliot et al., 2013) and decreases mortality 

(Pitkanen et al., 2005). However, this concentration of diazepam did not significantly affect 

the electrographic SE. This finding underscores the importance of confirming by EEG 

recording the cessation of seizure activity when assessing a therapeutic intervention. 
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Although the precise mechanism of the combined COX-2 and diazepam enhancement of 

neuroprotection is not known, recent work has shown other examples of combining multiple 

modulators of inflammation to achieve greater neuroprotection (Kwon et al., 2013). It has 

been reported that pretreatment with COX-2 inhibitors enhances the delivery of antiepileptic 

medications to the brain including phenytoin and phenobarbital by reducing the upregulation 

of the efflux transporter P-glycoprotein (Bauer et al., 2008; Holtman et al., 2010; van Vliet 

et al., 2010). Although the P-glycoprotein transporter is involved in the brain level 

regulation of several AEDs including phenobarbital, phenytoin, lamotrigine, and 

leviteracetam (Luna-Tortos et al., 2008), it is not known to influence the pharmacokinetics 

and tissue distribution of diazepam (Yamazaki et al., 2001). It is also difficult to explain 

how COX-2 treatment given after the initiation of SE could act via this mechanism. COX-2 

inhibitors enhanced the effect of low dose (sub-protective) diazepam on behavioral seizures 

and on recovery after SE (Dhir et al., 2006). Our results indicate COX-2 inhibitors may be a 

potential adjuvant therapy for the acute treatment of SE, but further studies are warranted to 

determine the specific mechanism of this effect with diazepam.

Conclusions

Inhibition of COX-2 activity 30 min after pilocarpine-induced SE with a repeat dose at 6 h 

leads to moderate neuroprotection, but does not significantly affect duration or intensity of 

electrographic SE. The neuroprotective effect is greatly enhanced when COX-2 inhibitor is 

associated with diazepam, indicating that COX-2 inhibitors may have potential therapeutic 

applications in association with benzodiazepines, and may improve clinical outcomes 

following SE.
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Highlights

1. NS-398 is neuroprotective in hippocampus after pilocarpine-induced status 

epilepticus.

2. Co-administration with diazepam enhances neuroprotective effect of NS-398.

3. NS-398 and diazepam did not affect duration or severity of status epilepticus.
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Figure 1. 
A: Schematic representation of the experimental design. Subdural EEG electrodes were 

implanted, and 1 week later LiCl (127 mg/Kg) was injected i.p. The following day, 

scopolamine bromide (1 mg/kg, ip) was administered 30 min before the injection of 

pilocarpine (50 mg/kg, ip). The drugs (NS-398 and/or diazepam, 10 mg/kg each) and the 

vehicle were administered 30 min after the first motor seizure. NS-398/vehicle injections 

were repeated 6 h later. Rats were sacrificed 24 h after induction of SE. B: Electrographic 

SE was considered to be the period of time in which the animal displayed continuous 

spiking without periods of inactivity between spiking.
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Figure 2. 
Example of electrographic recordings of pilocarpine-induced SE in a vehicle-injected rat 

(A), a NS-398-treated rat (B), a diazepam-treated rat (C) and a diazepam+NS-398-treated 

rat. Upper panel: electrographic recordings during the first 10 h after pilocarpine injection. 

Lower panel: expanded views of electrographic recordings at the following times: 1) 

baseline, 2) before first injection of vehicle, NS0398, diazepam or diazepam+NS-398, 3) 30 

min after first injection of vehicle, NS-398, diazepam or diazepam+NS-398 and 4) 9.5 h 

after induction of SE.

Trandafir et al. Page 16

Neuroscience. Author manuscript; available in PMC 2016 January 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3. 
Analysis of subdural EEG recordings obtained for 10 h after the onset of the pilocarpine-

induced SE from groups of A: vehicle (n = 12) and NS-398 (n = 10)-treated animals, and B: 

vehicle (n = 8), Diazepam (n = 8) and Diazepam + NS-398 (n = 7) animals. Percentage 

change in power in the γ-band showed no difference between the groups. The mean value 

(colored line) and 95% confidence interval (shaded area) is shown for each group. Arrow 1 

indicates the time of the injection of vehicle, diazepam and/or NS-398 at 30 min after the 

first motor seizure. Arrow 2 indicates the time of the second injection of vehicle or NS-398.
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Figure 4. 
COX-2 immunostaining of sections from the dorsal hippocampus of control rats (no 

pilocarpine, left column) and rats with pilocarpine-induced status epilepticus (SE) that were 

treated with vehicle (SE + vehicle) or NS-398 (SE + NS-398). Data show increased 

expression of COX-2 24 h after induction of SE in vehicle-treated rats. NS-398 decreased 

COX-2 immunostaining in CA1, CA3 and hilus of the dentate gyrus.
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Figure 5. 
Representative FluoroJade B-staining of sections from the dorsal hippocampus showing 

widespread neuronal damage in CA1 (top traces), CA3 (middle traces) and hilus (bottom 

traces) 24 h after pilocarpine-induced SE in vehicle group (SE + vehicle) and in diazepam 

group (Diazepam, 10 mg/kg). Treatment with COX-2 inhibitor (NS-398) decreased neuronal 

damage/death most apparent in CA3 and hilus, and to a lesser degree in CA1. Treatment 

with diazepam plus COX-2 inhibitor (diazepam + NS-398, 10 mg/kg each) decreased cell 

damage/death throughout the dorsal hippocampus compared to vehicle and diazepam 

groups.
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Figure 6. 
The effect of COX-2 inhibitor, NS-398, on neuronal damage 24 h after pilocarpine-induced 

SE in rats. Counting of FluoroJade B-stained neurons in the CA1, CA3 and hilus of the 

dentate gyrus show that NS-398 (n=10) significantly decreased the number of degenerating 

neurons compared to vehicle (n=10) in CA3 and hilus of the dentate gyrus. The 

neuroprotection induced by COX-2 inhibitor was statistically significant in the CA3 and 

hilus of the dentate gyrus (* p<0.05), but not CA1.
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Figure 7. 
The effect of diazepam and COX-2 inhibitor, NS-398, on neuronal damage 24 h after 

pilocarpine-induced SE. When diazepam was injected alone (SE + Diazepam, 10 mg/kg, n = 

8), it did not cause significant neuroprotection compared to the vehicle group (SE + vehicle, 

n = 9). When diazepam was administered together with NS-398 (10 mg/kg each, n = 8), 

significant neuroprotection was observed in the CA1, CA3 and hilus of the dentate gyrus (* 

p<0.05).
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