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Abstract

Novel treatments for epilepsy are necessary because many epilepsy patients are resistant to 

medication. Metabotropic glutamate receptors (mGluRs), specifically mGluR 2 and 3, may serve 

as antiepileptic targets because of their role in controlling synaptic release. In this study, we 

administered a Group 2 mGluR agonist, LY379268, one of two mGluR2-specific positive 

allosteric modulators, BINA or CBiPES, or a cocktail of both BINA and LY379268 in a series of 

experiments using the pilocarpine model of SE. In one study, groups received treatments 15 

minutes prior to pilocarpine, while in a second study groups received treatments after SE had been 

initiated to determine whether the drugs could reduce development and progression of SE. We 

measured bouts of stage 5 seizures, latency to the first seizure, and the maximum Racine score to 

characterize the seizure severity. We analyzed mouse EEG with implanted electrodes using a 

power analysis. We found that pretreatment and posttreatment with LY379268 was effective at 

reducing both behavioral correlates and power in EEG bandwidths associated with seizure, while 

CBiPES was less effective and BINA was ineffective. These data generally support continued 

development of mGluR2 pharmacology for novel antiepileptic drugs, though further study with 

additional drugs and concentrations will be necessary.
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1.1 INTRODUCTION

Temporal lobe epilepsy (TLE) is a chronic condition characterized by recurrent seizures that 

involve the medial or lateral temporal lobe. Antiepileptic drugs (AEDs) can be effective, but 

nearly 30% of patients are refractory to AEDs, and some medications possess negative side 

effects that reduce patient compliance. There is also a wide range of individual 

responsiveness to AEDs, therefore the development of novel pharmacological targets 

remains an important goal.

The pilocarpine model of TLE mimics the process of epileptogenesis, and possesses many 

characteristics of the human disorder. Pilocarpine administration results in an acute period of 

status epilepticus (SE) that is defined by continuous seizure activity lasting at least 30 

minutes. After the initial period of SE, there is a “latent period” during which significant 

neural reorganization occurs followed by chronic life-long susceptibility to spontaneous, 

recurrent seizures (Cavalheiro et al., 1996; Curia et al., 2008; Müller et al., 2009; Perez-

Mendes et al., 2011; Turski et al., 1989, 1984, 1983). The maintenance and generalization of 

SE and the development of spontaneous recurrent seizures (SRS) is thought to occur through 

hyperglutamatergic activity via NMDA receptors in the hippocampus (Nagao et al., 1996; 

Priel and Albuquerque, 2002; Smolders et al., 1997). Therefore, pilocarpine administration 

in wild-type mice provides the opportunity to assess novel therapies that interfere with 

excessive glutamate signaling.

A potential target for such novel therapies are the Group 2 metabotropic glutamate receptors 

(mGluRs), comprising mGluR2 and mGluR3 (Alexander and Godwin, 2006a; Moldrich et 

al., 2003). Unlike ionotropic glutamate receptors, mGluRs do not transmit fast synaptic 

responses (Conn, 2003). MGluRs tend to produce longer lasting effects than ionotropic 

glutamate receptors due to their G-protein involvement (Conn and Pin, 1997). The Group 2 

mGluRs are coupled to the Gi/o protein and may inhibit glutamate release via inhibition of 

high threshold calcium channels, activation of potassium channels and/or by inhibition of 

neurotransmitter release (Anwyl, 1999; Cochilla and Alford, 1998; Scanziani et al., 1995; 

Takahashi et al., 1996). In particular, mGluR2 appears to be exclusively positioned outside 

of the active zone of synapses where it may only be activated during high frequency 

neuronal activity (Alexander and Godwin, 2006b, 2005; Cartmell and Schoepp, 2000; 

Knöpfel and Uusisaari, 2008; Shigemoto et al., 1997), similar to that which occurs during 

SE (Blumenfeld et al., 2009; Chen and Wasterlain, 2006; Morimoto et al., 2004; Racine, 

1972). In most systems studied to date, mGluR2 is specifically expressed presynaptically 

(Petralia et al., 1996; Shigemoto et al., 1997), which may allow for interrupting 

hyperexcitable activity before it spreads across the synapse and brain. Thus, mGluR2 

exhibits a distinctive localization that may lend itself to abolishing or reducing the activity at 

hyperexcitable synapses.

Several Group 2 mGluR agonists, such as LY354740, LY389795 and LY379268, have been 

found to be anticonvulsant in limbic and generalized motor seizure models (Attwell et al., 

1998a, 1998b; Kłodzińska et al., 2000; Miyamoto et al., 1997; Moldrich et al., 2001a, 

2001b; Monn et al., 1997). Also, the effects of Group 2 agonists can be abolished by 

pretreatment with Group 2 antagonists, revealing the specificity of the drugs and receptor 
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system against seizures (Folbergrová et al., 2001). While it is difficult to specifically target 

mGluR2 because of a lack of specific agonists, the positive allosteric modulators (PAM) 3’-

[[(2-cyclopentyl-2,3-dihydro-6,7-dimethyl-1-oxo-1H-inden-5-yl)oxy]methyl]-[1,1’-

biphenyl]-4-carboxylic acid (BINA) and N-[4’-cyano-biphenyl-3-yl)-N-(3-pyridinylmethyl)-

ethanesulfonamide hydrochloride) (CBiPES) have pharmacological specificity at mGluR2 

(Ahnaou et al., 2009; Benneyworth et al., 2007; Bonnefous et al., 2005; Fell et al., 2010; 

Galici et al., 2006; Johnson et al., 2005, 2003; Sanger et al., 2012).

In the present study, we centered our investigation on the acute effects of the Group 2 

mGluR agonist LY379268 and the PAMs BINA and CBiPES in treatment of pilocarpine-

induced SE. To do this, we tested the hypothesis that administration of Group 2 mGluR 

active compounds prior to pilocarpine administration (pretreatment) would reduce the 

behavioral and electroencephalographic progression of acute SE. The second hypothesis 

tested was that administration of these compounds after SE initiation induced by pilocarpine 

(posttreatment) would decrease the progression to clonic/tonic (C/T) seizure in acute SE.

Briefly, we found that mGluR2-active compounds (including LY379268 alone and a 

cocktail of LY379268+BINA) were capable of reducing the behavioral and 

electroencephalographic correlates of acute SE if given prior to pilocarpine. We also 

observed that these drugs could reduce the progression to C/T seizure activity of acute SE if 

given after pilocarpine administration, though higher doses were necessary. CBiPES alone 

was also capable of reducing some of the behavioral manifestations of seizure when given 

prior to pilocarpine.

1.2 METHODS

1.2.1 Rotarod Pilot Study

All animal procedures were approved by the Wake Forest School of Medicine Institutional 

Animal Care and Use Committee. We performed rotarod trials in pilot animals (n = 36) in 

order to assess gross motor performance after administration of mGluR2 active drugs. There 

were six groups, with six mice in each group: saline (0.25 mls), diazepam (5 mg/kg), 

LY379268 (10 mg/kg), LY379268 (20 mg/kg), BINA (100 mg/kg), and cocktail (LY379268 

(20 mg/kg) + BINA (100 mg/kg)). Mice were randomly assigned to a group and given four 

habituation trials on the rotarod apparatus (SDI Inc., San Diego, CA) on day 1. Trials lasted 

up to 180 seconds or until the mouse fell from the rod.

On test day (day 2), mice were given a preinjection trial and then tested again 10 minutes, 30 

minutes, 1 hour, and 5 hours after injection. Time spent on the rotarod was measured and 

postinjection performance was compared to the preinjection trial within each group. The 

diazepam group was included as a positive control for a compound that is commonly known 

to interfere with motor performance and ability (Savić et al., 2009; Willerslev-Olsen et al., 

2011).

1.2.2 Surgery

A tethered electroencephalography/electromyography (EEG/EMG) acquisition system 

(Pinnacle Technologies Inc, Lawrence KS) was used for these studies. For surgical 
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implantation of EEG electrodes, a subset of male C57Bl/6 mice (n = 48) were anesthetized 

using ketamine and xylazine (100 mg/kg and 10 mg/kg, respectively). Supplemental oxygen 

was provided and atropine (0.04 mg/kg) was given preoperatively to suppress bronchial 

secretions. Once areflexia was apparent, a 1 cm incision was made and the skull exposed. 

Four pilot holes were drilled through the skull for placement of stainless steel screws. These 

screws terminated in a preamplifier headmount that was affixed to the skull using dental 

acrylic. Silver epoxy was used to cover each screw and maintain electrical continuity with 

the headmount. Two EMG leads were placed into the neck musculature. The incision was 

sutured around the headmount and topical antibiotic was applied. Mice were moved to a 

recovery cage and given ketoprofen (5 mg/kg) for pain management. Mice recovered at least 

one week before initiating any subsequent experiment. Systemic antibiotics were not given, 

as post-operative infection was considered exclusionary criteria for the study according to 

our protocol.

1.2.3 Behavior

During the pre- (treatment given before pilocarpine) and posttreatment (treatment given after 

pilocarpine) studies, we measured the onset and severity of their behavioral response to 

pilocarpine administration. The measures taken included: the latency to the first stage 5 C/T 

seizure, bouts of individual C/T seizures during SE, and the maximum Racine score. When 

an animal failed to reach a C/T seizure in response to pilocarpine, they were automatically 

assigned a latency score of 180 min, which was the maximum length of observation. These 

animals were assumed to have not developed a C/T response to pilocarpine, but still allowed 

for them to be included in their group for statistical comparisons. In the posttreatment 

studies, treatment was given when an animal reached a stage 3 Racine score, which is a 

readily apparent behavioral response to pilocarpine. Seizure scoring was performed using an 

adapted Racine scale (Racine, 1972). The scale is as follows: 0 (lack of any apparent seizure 

activity), 1 (oral automatisms), 2 (head nodding), 3 (forelimb clonus), 4 (rearing), 5 (clonic/

tonic seizure with rearing and falling), 6 (wild running/bouncing), to 7 (death as a 

consequence of pilocarpine and resulting seizures). The experimenters scoring the 

behavioral activity administered the treatments and were therefore not blinded to the groups. 

Group analyses were not conducted, however, until completion of all experiments. 

Electrographical recordings were consistent with the observed behavioral activity.

1.2.4 Pilocarpine Administration

Pilocarpine (330 mg/kg) was administered to mice (n = 114) 30 min after an injection of 

methyl-scopolamine (1 mg/kg), which was used to inhibit peripheral effects of pilocarpine 

and reduce mortality. This dose of pilocarpine was chosen because it has been demonstrated 

in the literature to be the lowest concentration of pilocarpine used that most reliably elicits 

seizures (Curia et al., 2008; Turski et al., 1983). Pilocarpine was given outside of the home 

cage while mice were individually housed in monitoring cages. Animals were monitored for 

three hours for behavioral scoring. In a subset of animals, EEG monitoring was also 

performed during the first hour. EEG sampling occurred at a rate of 200 Hz with a 

preamplifier applied band pass filter from 0.5 to 40 Hz. For the pretreatment studies, drugs 

were given 15 minutes prior to pilocarpine. The groups in that study included saline 

(referred to as “Pilo Only”, n = 14), LY379268 (10 mg/kg, n = 14), BINA (100 mg/kg, n = 
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14), and cocktail, which received both LY379268 and BINA (10 and 100 mg/kg 

respectively, n = 14). For the posttreatment studies, drugs were given immediately after the 

animal had the first stage 3 Racine seizure, which is characterized by forelimb clonus. The 

groups in that study were saline (“Pilo Only”, n = 12), LY379268 (20 mg/kg, n = 12), BINA 

(100 mg/kg, n = 10), and cocktail, which received both LY379268 and BINA (20 and 100 

mg/kg respectively, n = 12). Finally, a second mGluR2-specific positive allosteric modulator 

(PAM), CBiPES (30 mg/kg), was tested for efficacy in both pre- and posttreatment 

behavioral experiments (n = 6 in both studies).

1.2.5 Drugs

LY379268 was a kind gift from Eli Lilly and Company and was dissolved in 0.9% saline. 

CBiPES was also kindly provided by Eli Lilly and Company and was dissolved in a vehicle 

containing 1% carboxymethylcellulose, 0.25% Tween 80 and 0.05% Dow Antifoam, with 

the pH adjusted to 7.4. BINA was a gift by Dr. Jeffrey Conn (Vanderbilt University, 

Nashville, TN) and was dissolved in a vehicle containing 10% Tween 80 and 10% NaOH 

with the pH adjusted to 7.4. Diazepam was manufactured by Hospira, Inc (Lake Forest, IL). 

Methyl-scopolamine and pilocarpine were purchased from Sigma (St. Louis, MO) and both 

dissolved in 0.9% saline. All drugs were given intraperitoneally in a volume range of 0.25 to 

0.5 mls.

1.2.6 Data Analysis

Rotarod data were analyzed using a repeated-measures ANOVA with a Dunnett’s post hoc 

to test for significant differences within each group’s performance before and after injection. 

Digitized EEG signals were transformed into power spectral data using a custom-written 

Matlab script. Analysis of that transformed data was performed using a Kruskal-Wallis test 

with Dunn’s post hoc analysis. The spectral bands analyzed were defined as follows: delta 

(0.5 to 3 Hz), theta (4 to 7 Hz), alpha (8 to 12 Hz), and beta (13 to 25 Hz). EEG spectral 

power data for each mouse was normalized to its baseline. Mice for each group were then 

averaged together. Histograms represent a fold change in spectral power for the defined 

bandwidths. If normality could be assumed for data that were continuous in nature, analysis 

was performed using a one-way ANOVA with Tukey’s post hoc test. If behavioral data were 

discrete in nature, a Kruskal-Wallis test with a Dunn’s post hoc was used. If the behavioral 

data were categorical in nature, then a Chi-square test of homogeneity was used to test for 

statistically significant differences.

1.3 RESULTS

1.3.1 Rotarod Pilot Study

A repeated-measures ANOVA was performed within each experimental group with a 

Dunnett’s post hoc to determine if any group’s postinjection performance was significantly 

different from their preinjection performance on the rotarod. The diazepam group spent 

significantly less time on the rotarod 10 and 30 minutes after the injection (p < 0.01, n = 6, 

Table 1) compared to before the injection. No other group exhibited differences in gross 

motor ability at any time point after injection compared to before the injection. The means ± 

SEM for the time (in seconds) spent on the rotarod for each group at every time point are 
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presented in Table 1. The mGluR-active drugs used in this study do not appear to 

significantly inhibit motor performance on the rotarod test.

1.3.2 Pretreatment Study

The latency to the first C/T seizure was significantly increased for the LY379268 and 

cocktail groups compared to the Pilo Only group (one-way ANOVA with Tukey’s post hoc, 

p < 0.001, n = 14 for all groups, mean ± SEM for LY379268 = 148.2 ± 14.61 min, cocktail 

= 163.5 ± 11.63 min, Pilo Only = 61.29 ± 13.76 min, Fig 1a). Also, the LY379268 and 

cocktail groups had a significantly increased latency to the first C/T seizure compared to the 

BINA group (one-way ANOVA with Tukey’s post hoc, p < 0.001 for the cocktail group, p < 

0.01 for the LY379268 group, mean ± SEM for BINA = 76.07 ± 15.44 min, Fig 1a). Mice 

pretreated with LY379268 had fewer bouts of C/T seizures during SE (Kruskal-Wallis test 

with Dunn’s post hoc analysis; p < 0.01, mean ± SEM = 0.71 ± 0.44 bouts) than Pilo Only 

mice (mean ± SEM = 5.36 ± 1.27 bouts, Fig 1b). Mice pretreated with the cocktail also had 

significantly fewer bouts of C/T seizures compared to Pilo Only mice (p < 0.001, mean ± 

SEM for cocktail = 0.21 ± 0.15, Fig 1b). Lastly, using a chi-square test for homogeneity, it 

was found that there were significant differences between all of the groups Racine scores (p 

= 0.0008, mean ± SEM Racine score for Pilo Only = 5.07 ± 0.29, LY379268 = 2.70 ± 0.52, 

BINA = 4.79 ± 0.46, cocktail = 1.57 ± 0.54, Fig 1c). Post-hoc tests revealed that mice 

treated with LY379268 had a lower Racine score compared to Pilo Only mice; mice treated 

with the cocktail had a lower Racine score compared to Pilo Only mice and BINA mice.

Figure 2 represents sample EEG traces from one mouse in each treatment group measured 

during the pretreatment study demonstrating activity at baseline prior to pilocarpine 

administration and activity 60 minutes after pilocarpine administration. To account for 

amplitude differences at baseline across EEG recording rigs, EEG spectral data for each 

mouse was normalized to its baseline. Power spectral data 60 minutes after pilocarpine 

administration when Group 2 mGluR-active drugs were given as pretreatment is shown in 

Figure 3. Fold change in power is represented on the Y axis. Power in each frequency 

bandwidth (delta- 0 to 3 Hz, theta- 4 to 7 Hz, alpha- 8 to 12 Hz, and beta- 13 to 25 Hz) was 

averaged, normalized to baseline activity in that frequency bandwidth, and a Kruskal-Wallis 

test with Dunn’s post hoc was performed across groups within each frequency band.

Sixty minutes after pilocarpine administration (Fig 3), the LY379268 group had 

significantly less power than the Pilo Only, BINA and Cocktail groups (p < 0.001) in the 

delta bandwidth. In theta bandwidth, the LY379268 group continued to demonstrate less 

power than the Pilo Only and BINA groups (p < 0.001), as well as the cocktail group (p < 

0.01). Also in the theta range, the cocktail group had significantly less power than the Pilo 

Only group (p< 0.05) and the BINA group (p < 0.01). Finally in the alpha and beta 

bandwidths, the LY379268 and cocktail groups had signficantly less power than the Pilo 

Only group (p < 0.001). The EEG data suggests that LY379268 and the cocktail mitigated 

the abnormal power increases that were seen in control mice that received only pilocarpine 

with saline as pretreatment.

Taken together, the behavioral and spectral data suggest that LY379268 (10 mg/kg) alone 

can alter the course of SE when given prior to pilocarpine. LY379268 lessened pilocarpine-
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induced power changes and also increased the time until initial seizure onset, decreased the 

number of individual C/T seizures during SE and lowered the average maximum Racine 

score. BINA does not appear to provide protection against pilocarpine-induced power 

changes in EEG or in behavioral expression of SE. BINA alone did not increase the latency 

to the first C/T seizure, reduce the bouts of C/T seizures, or lower the average Racine score. 

The cocktail of both LY379268 and BINA does not seem to provide any more protection 

from SE than LY379268 does alone. In general it appears there is no added benefit of 

administering the cocktail as opposed to the mGluR2/3 agonist alone as pretreatment against 

pilocarpine-induced SE.

1.3.3 Posttreatment Study

In the posttreatment study, treatment was administered when the mouse reached a stage 3 

seizure after pilocarpine administration. There were no significant differences between 

groups in the latency to treatment administration (Fig 4a). A stage 3 seizure occurred and 

treatment was given on average 23.74 ± 2.69 (mean ± SEM) minutes after pilocarpine.

A one-way ANOVA with Tukey’s post hoc analysis determined there was a significantly 

increased latency to the onset of the first C/T seizure for the LY379268 (n = 12) and the 

cocktail (n = 12) posttreatment groups as compared to the Pilo Only group (n = 12, p < 

0.001, latency mean ± SEM for LY379268 = 180 ± 0 min, cocktail = 165.7 ± 9.68 min, Pilo 

Only = 61.78 ± 15.65 min, Fig 4b). Also, the cocktail and LY379268 groups had 

significantly increased latencies to the first C/T seizure compared to the BINA group (n = 

10, p < 0.001, latency mean ± SEM for BINA = 74.2 ± 17.93 min, Fig 4b). LY379268 

posttreated mice had fewer bouts of C/T seizures during SE than Pilo Only mice (p < 0.001, 

Kruskal-Wallis test with Dunn’s post hoc analysis, bouts mean ± SEM for LY379268 = 0 ± 

0, bouts mean ± SEM for Pilo Only = 2.22 ± 0.66, Fig 4c). The cocktail posttreated mice 

had significantly fewer bouts of seizures than the Pilo Only group (p < 0.01) and the BINA 

group (p < 0.05, bouts mean ± SEM for cocktail = 0.17 ± 0.11, bouts mean ± SEM for 

BINA = 2.2 ± 0.61). Lastly, using a chi square test for homogeneity, the posttreatment 

groups had significantly different Racine scores (p = 0.0034, Racine score mean ± SEM for 

Pilo Only = 5.44 ± 0.29, LY379268 = 3.5 ± 0.15, BINA = 5.4 ± 0.3, cocktail = 3.67 ± 0.22, 

Fig 4d). Post-hoc tests revealed that mice treated with LY379268 had a lower Racine score 

compared to Pilo Only and BINA mice; mice treated with the cocktail also had a lower 

Racine score compared to Pilo Only and BINA mice.

Figure 5 represents sample EEG traces from one mouse in each posttreatment group 

demonstrating activity at baseline prior to pilocarpine administration and activity 60 minutes 

after pilocarpine administration. To account for amplitude differences at baseline across 

EEG recording rigs, EEG spectral data for each mouse was normalized to its baseline. Sixty 

minutes after pilocarpine (Fig 6), the LY379268, BINA and cocktail groups all exhibited 

significantly less power compared to the Pilo Only group (p < 0.001 for the LY379268 and 

cocktail groups, p < 0.05 for the BINA group) in the delta frequency range. Also in the delta 

range, the LY379268 group had significantly less power than both the BINA group (p < 

0.001) and the cocktail group (p < 0.01). In the theta and alpha ranges, the LY379268 group 

showed less power compared to the Pilo Only and the BINA groups (p < 0.001), as well as 
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the cocktail group (p < 0.05). Also in the theta and alpha ranges, the cocktail group showed 

significantly less power than the Pilo Only group (p < 0.001) and the BINA group (p < 

0.01). Finally, in the beta range, all groups exhibited less power than the Pilo Only group (p 

< 0.001), and the LY379268 and cocktail groups showed less power than the BINA group (p 

< 0.001). Spectral power remained around baseline levels in the different frequency 

bandwidths in these groups whereas there was a significant increase in mice treated with 

saline (Pilo Only group).

The posttreatment data suggest that Group 2 mGluR activation with LY379268 reduces 

behavioral seizures, as evidenced by increased latency to a C/T seizure, reduced bouts of 

C/T seizures and decreased Racine scores compared to the Pilo Only group. The BINA 

group was never significantly different from the Pilo Only group, and the LY379268 group 

was never significantly different from the cocktail group on any behavioral measure. The 

EEG data generally demonstrated that after treatment was given, any activation of 

mGluR2/3 with an agonist or in combination with a PAM, some protection would be 

provided in the form of reduced power compared to Pilo Only animals. Since LY379268 

was not found to be different from the cocktail group, there may be no added benefit of a 

PAM in treating C/T seizures with mGluR2 active drugs.

1.3.4 CBiPES Study

We performed an additional round of behavioral studies using CBiPES (30 mg/kg, n = 6 in 

both the pre- and posttreatment groups), a recently created PAM that has been shown to 

potentiate the effect of LY379268 (Johnson et al., 2005) as well as mimic the antipsychotic 

effects of LY379268 (Fell et al., 2010). The same behavioral measures were recorded as in 

the previous experiments, including latency to the first C/T seizure, bouts of C/T seizures, 

and the maximum Racine score.

CBiPES (30 mg/kg, n = 6) given as pretreatment before pilocarpine resulted in significantly 

longer latency to the first C/T seizure compared to Pilo Only pretreatment (one-way 

ANOVA with Tukey’s post hoc , p < 0.05, latency mean ± SEM for CBiPES = 132.3 ± 

23.84 min, Table 2). When given as posttreatment, CBiPES still significantly increased the 

latency to the first C/T seizure compared to the Pilo Only posttreatment group (one-way 

ANOVA with Tukey’s post hoc , p < 0.05, latency mean ± SEM for CBiPES = 135.3 ± 

28.33 min, Table 2). CBiPES also significantly reduced the bouts of C/T seizures during SE 

compared to Pilo Only when given as pretreatment (Kruskal-Wallis with Dunn’s post hoc, p 

< 0.01, Table 2). When given as posttreatment, CBiPES did not significantly reduce the 

bouts of C/T seizures during SE compared to the Pilo Only posttreatment group (Kruskal-

Wallis with Dunn’s post hoc, p > 0.05, Table 2). Finally, although differences were found in 

the latency to the first seizure and bouts of seizures during SE, no significant difference in 

Racine scores were found between these groups in either the pre- or posttreatment studies 

(chi-square test for homogeneity, p > 0 .05, Table 2).

1.4 DISCUSSION

Our study indicates that activation of Group 2 mGluRs reduces the behavioral and 

electrographic course of acute SE induced by pilocarpine, as evidenced by reduced 
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behavioral seizure and EEG spectral power in animals treated with Group 2 mGluR 

compounds either before or after pilocarpine administration.

Pilo Only animals in both the pre- and posttreatment experiments that received only saline 

as an intervention demonstrated a typical progression through acute SE induced by 

pilocarpine. The SE inhibiting effects of the compounds were not due to any gross motor 

disturbances as evidenced by consistent performance on the rotarod (Table 1). Our positive 

control diazepam, a commonly used AED, significantly inhibited motor performance. We 

did not observe similar effects with the mGluR active drugs, which suggests that inhibition 

of seizure activity by these compounds is not due to inhibition of motor behavior. Some 

studies have noted the motor inhibiting quality of higher doses of LY379268 (Cartmell et 

al., 1999; Feinberg et al., 2002), however, 20mg/kg (highest dose used in our study) did not 

significantly reduce motor ability from observed preinjection performance.

In both pre- and posttreatment experiments, we observed a reduction in behavioral seizure in 

mice treated with LY379268 compared to the Pilo Only group (Figures 1 and 4). LY379268 

increased latency to C/T seizure, reduced C/T seizure bouts, and decreased Racine seizure 

score. Complimentary to these behavioral findings, we observed no increase in EEG spectral 

power during status in mice treated with LY379268 (Figures 3 and 6). There was at least a 

30-fold increase in spectral power in the different frequency bandwidths during status in 

control animals treated with saline prior to or after pilocarpine administration. The spectral 

power in the defined frequency bandwidths of mice treated with LY379268 stayed relatively 

the same as to what was observed in their baseline activity. In the posttreatment study, the 

mice had reached a stage 3 Racine seizure prior to treatment, which required a higher dose 

of LY379268 compared to the pretreatment investigation. A pilot group of posttreatment 

mice given the same dose of LY379268 used in the pretreatment study was not significantly 

different from the Pilo Only mice on any behavioral measure (data not shown).

In both pre- and posttreatment studies, the cocktail of LY379268 and BINA did not provide 

greater protection against pilocarpine-induced SE than when the LY379268 was given 

alone. The mice in the cocktail group exhibited similar behavioral measures as those in the 

LY279268 group (Figures 1 and 4). This suggests that the anti-convulsive effect of the 

cocktail is most likely due to LY379268 and not synergy between the BINA and the agonist. 

It has been previously hypothesized that simultaneous orthosteric and allosteric ligand 

binding at mGluR2 may increase receptor sensitivity to the endogenous and/or orthosteric 

ligand (Johnson et al., 2003). Mechanistically, allosteric modulation of mGluRs may 

increase receptor sensitivity, receptor availability, and/or efficacy of receptor 

homodimerization (Johnson et al., 2005; Kew and Kemp, 2005), however in our study, it 

does not appear that any of these allosteric modulations could overcome the changes 

produced by pilocarpine without the orthosteric ligand on board as well.

More studies are needed, but one plausible explanation of this effect may be that LY379268 

activation of mGluR3 on glial cells tonically reduces pilocarpine-induced glutamate release, 

and the addition of BINA does not potentiate the effect as it is not pharmacologically active 

at mGluR3. Other explanations for BINA not adding any benefit when used in combination 

with LY379268 are that the dose used was not in the effective range and that BINA may not 
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have crossed the blood brain barrier. Previous studies examining BINA in models of 

psychosis and anxiety found significant effects on their measure of interest using lower 

doses and the same administration technique (Benneyworth et al., 2007; Galici et al., 2006). 

Therefore, we believe an appropriate dose of BINA was used in our seizure model, and 

although we did not confirm with cortical measures of BINA concentration, the significant 

effects in other studies would suggest that BINA is crossing the blood brain barrier at the 

administered concentrations.

In contrast, with CBiPES alone pre- and posttreatment, we did find a significant increase in 

the latency to the first C/T seizure compared to the Pilo Only group. CBiPES also reduced 

the bouts of C/T seizures in the pretreatment study. This supports previous work in anxiety 

models, such as stress-induced hyperthermia, in which CBiPES was found to mimic the 

effect of LY379268 when administered alone (Fell et al., 2010; Johnson et al., 2005; Sanger 

et. al., 2012). However, in both pre- and posttreatment studies, CBiPES did not decrease the 

overall Racine score. Interestingly, CBiPES was more easily dissolved than BINA under our 

conditions, and while both drugs were entirely dissolved for injection, this cannot be 

excluded as a possible explanation of the difference in efficacy between these two PAMS. 

Both of these compounds have been characterized as selective mGluR2 PAMS (Ahnaou et 

al., 2009; Benneyworth et al., 2007; Bonnefous et al., 2005; Fell et al., 2010; Galici et al., 

2006; Johnson et al., 2005, 2003; Sanger et al., 2012). However, off-target effects during 

seizure activity cannot be excluded. A ceiling effect may have occurred with the dose of 

LY379268 used in the cocktail groups. We did not test lower doses of LY379268 in 

combination with either modulator. Further evaluation of the two modulators is necessary to 

parse out differences in efficacy and to determine if a different combination of doses in the 

cocktail treatment could provide more of a synergistic effect.

Studies evaluating mGluR2/3 expression have demonstrated a reduction 24 hours after 

pilocarpine-induced SE with reports of long-term loss (Ermolinsky et al. 2008; Garrido-

Sanabria et al., 2008), which consequently could lead to increased excitability in the brains 

of these animals. The results of the two studies suggest that delaying mGluR2/3 drug 

administration by 24 hours or more after pilocarpine would yield little to no effect on 

hyperexcitability in epileptic rodents. Contrary to this, a recent study evaluating hippocampi 

of patients with TLE reported an increase in mGluR2/3 expression (Das et al., 2012). More 

specifically, studies have also demonstrated an increase in mGluR2/3 expression on reactive 

astrocytes in both animal models and patients with epilepsy (Aronica et al., 2003; Seifert et 

al., 2006; Steinhäuser and Seifert, 2002; Tang and Lee, 2001). The effect of our treatment 

schedule on the development (or lack therof) of subsequent SRS in the chronic period of 

pilocarpine treated mice remains to be determined.

Overall we demonstrate that treatment with mGluR2 active compounds reduces acute SE 

behavior, and the observed decrease in EEG spectral power suggests that there is less 

synchronized activity typically associated with SE. Certainly, treating acute SE is most 

critical in a clinical setting, but preventing future seizures precipitated by an episode of SE 

should also be of consideration. Future studies are needed to determine if these drugs inhibit 

the development of SRS after pilocarpine, as well as the resulting neuropathological changes 

that occur with epileptogenesis. If it could be demonstrated that these drugs also prevent or 
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reduce the incidence of SRS, it would further support the development of drugs that target 

Group 2 mGluRs for the treatment of epilepsy.
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AED antiepileptic drug

C/T clonic/tonic

EEG electroencephalography
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mGluR metabotropic glutamate receptor

PAM positive allosteric modulator

SE status epilepticus
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TLE temporal lobe epilepsy
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Highlights

• We test the effects of group 2 mGluR active compounds on pilocarpine-induced 

SE.

• Group 2 mGluR agonist, LY379268, reduced behavioral and EEG correlates of 

SE.

• BINA, a group 2 mGluR PAM, had no effect on SE.

• CBiPES, a group 2 mGluR PAM, modestly reduced behavioral correlates of 

acute SE.
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Figure 1. Pretreatment with Group 2 mGluR active drugs reduces behavioral severity of 
pilocarpine induced SE
A. Latency to the first C/T seizure during SE was significantly increased for the LY379368 

and the cocktail groups compared to the Pilo Only group (n = 14 in all groups, one-way 

ANOVA with Tukey’s post hoc, p < 0.001). The LY379268 and cocktail groups also had an 

increased latency to the first C/T seizure compared to the BINA group (one-way ANOVA 

with Tukey’s post hoc, p < 0.01 for the LY379268 group, n = 14; p < 0.001 for the cocktail 

group). B. Average bouts of C/T seizures during SE were significantly reduced with 
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pretreatment with LY379268 compared to the Pilo Only group (Kruskal-Wallis test with 

Dunn’s post hoc, p < 0.01). Pretreatment with the cocktail also significantly reduced bouts 

of C/T seizures compared to the Pilo Only group (Kruskal-Wallis test with Dunn’s post hoc, 

p < 0.001). C. The Racine scores were also significantly different between all pretreatment 

groups (Chi square test for homogeneity, p = 0.0008). Post hoc tests revealed that mice 

treated with LY379268 had a lower Racine score compared to Pilo Only mice. Cocktail 

treated mice had a lower Racine score compared to Pilo Only and BINA mice. Seizures 

were considered C/T if they reached at least a stage 5 Racine score. The Pilo Only group 

received saline as a control pretreatment prior to pilocarpine. Compared to Pilo Only: *, 

p<0.05; **, p < 0.01; ***, p < 0.001. Compared to BINA: ##, p < 0.01; ###, p < 0.001.
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Figure 2. Pretreatment Study, sample traces from one mouse representing each treatment group
Baseline, activity at baseline prior to pilocarpine administration. One hour after Pilo, 

activity 60 minutes after pilocarpine administration. To account for amplitude differences at 

baseline across EEG recording rigs, EEG spectral data for each mouse was normalized to its 

baseline. Column treatment groups, Saline, BINA (100mg/kg), LY379268 (10mg/kg), 

Cocktail (LY378268 (10mg/kg) + BINA (100mg/kg)).
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Figure 3. Pretreatment with Group 2 mGluR drugs reduces power of pilocarpine-induced SE in 
EEG recordings 60 minutes after pilocarpine administration
In the delta range, the LY379268 group shows decreased power compared to all other 

groups (p < 0.001, n = 6 in all groups). In the theta frequency range, the LY379268 group 

shows decreased power compared to the Pilo Only group (p < 0.001), the BINA group (p < 

0.001) and the cocktail group (p < 0.01). The power is also decreased in the theta range for 

the cocktail group compared to the Pilo Only group (p < 0.05) and the BINA group (p < 

0.01). In the alpha and beta range, the LY379268 and cocktail groups show decreased power 

compared to the Pilo Only and BINA groups (p < 0.001 for both comparisons). The Pilo 

Only group received saline as a control pretreatment prior to pilocarpine. The frequency 

ranges were defined as delta (0.5-3 Hz), theta (4–7 Hz), alpha (8–12 Hz) and beta (13–25 

Hz). Power has been normalized to the baseline power for each mouse in the defined 

frequency range. Compared to Pilo Only: *, p < 0.05; ***, p < 0.001. Compared to BINA: 

##, p < 0.01; ###, p < 0.001. Compared to Cocktail: ^^, p<0.01; ^^^, p<0.001. Column 

abbreviations: Pilo: Pilo Only, LY68: LY379268 (10 mg/kg), BINA: BINA (100 mg/kg), 

Cocktail: Cocktail (LY379268 (10 mg/kg) + BINA (100 mg/kg)).
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Figure 4. Posttreatment with Group 2 mGluR active drugs reduces severity of pilocarpine 
induced SE behavioral measures
The average latency to stage 3 Racine seizures did not vary between groups (one-way 

ANOVA with Tukey’s post hoc, p > 0.05, n ≥ 10 in all groups, mean latency for treatment 

administration was 24 min). B. Latency to the first C/T seizure during SE was significantly 

increased for the LY379368 and the cocktail groups compared to the Pilo Only group and 

the BINA group (one-way ANOVA with Tukey’s post hoc, p < 0.001 for both comparisons, 

n = 12 in these three groups). No mouse that received LY379268 posttreatment ever reached 

a stage 5 C/T seizure, therefore that entire group was scored as 180 min latency (see 

Methods), as that was the maximum length of observation time for this study. C. Average 

bouts of C/T seizures during SE were significantly reduced with posttreatment with 

LY379268 and the cocktail compared to the Pilo Only group that received saline 

posttreatment (Kruskal-Wallis test with Dunn’s post hoc, p < 0.01 for the cocktail group, p < 

0.001 for the LY379268 group, n ≥ 10 in all groups). The LY379268 and cocktail groups 

also experienced fewer bouts of seizures than the BINA group (p < 0.05 for the cocktail 

group, p < 0.01 for the LY379268 group). D. The Racine scores were also significantly 

different between posttreatment groups (Chi square test of homogeneity, p = 0.0034, n ≥ 10 

in all groups). Post hoc tests revealed a significant difference in Racine score between the 

Pilo only group compared to the LY379268 and cocktail groups. These groups also had a 
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significantly lower Racine score compared the the BINA group. Seizures were considered 

C/T if they reached at least a stage 5 Racine score. The Pilo Only group received saline as a 

control posttreatment after animals reached a stage 3 Racine seizure. Compared to Pilo 

Only: **, p < 0.01; ***, p < 0.001. Compared to BINA: #, p < 0.05; ##, p < 0.01; ###, p < 

0.001.
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Figure 5. Pretreatment Study, sample traces from one mouse representing each treatment group
Baseline, activity at baseline prior to pilocarpine administration. One hour after Pilo, 

activity 60 minutes after pilocarpine administration. To account for amplitude differences at 

baseline across EEG recording rigs, EEG spectral data for each mouse was normalized to its 

baseline. Column treatment groups, Saline, BINA (100mg/kg), LY379268 (20mg/kg), 

Cocktail (LY378268 20mg/kg) + BINA (100mg/kg)).
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Figure 6. Posttreatment with Group 2 mGluR drugs reduces power of pilocarpine induced SE in 
EEG recordings 60 minutes after pilocarpine administration
In the delta frequency range, the LY379268 and cocktail groups show decreased power 

compared to the Pilo Only group (p < 0.001, n = 6 in all groups), as does the BINA group (p 

< 0.05). Also in the delta range, the LY379268 group shows decreased power compared to 

the BINA group (p < 0.001) and the cocktail group (p < 0.01). In the theta and alpha ranges, 

the LY379268 group demonstrated decreased power compared to the Pilo Only group (p < 

0.001), the BINA group (p < 0.001) and the cocktail group (p < 0.05). Also in the theta and 

alpha bandwidths, the cocktail group had significantly decreased power compared to the Pilo 

Only group (p < 0.001) and the BINA group (p < 0.01). Finally in the beta range, all other 

groups had less power than the Pilo Only group (p < 0.001), and the LY379268 and cocktail 

groups also had less power than the BINA group (p < 0.001). The Pilo Only group received 

saline as a control posttreatment after animals reached a stage 3 Racine seizure. The 

frequency ranges were defined as delta (0.5-3 Hz), theta (4–7 Hz), alpha (8–12 Hz) and beta 

(13–25 Hz). Power has been normalized to the average power at baseline in each frequency 

range. Compared to Pilo Only: **, p < 0.01; ***, p < 0.001. Compared to BINA: ##, p < 

0.01; ###, p < 0.001. Compared to cocktail: ^, p < 0.05; ^^, p < 0.01. Column abbreviations: 

Pilo: Pilo Only, LY68: LY379268 (20 mg/kg), BINA: BINA (100 mg/kg), Cocktail: 

Cocktail (LY379268 (20 mg/kg) + BINA (100 mg/kg)).
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Table 2
Pre and posttreatment behavioral differences between the CBiPES and Pilo Only groups 
(Mean ± SEM)

Latency to the first C/T seizure, bouts of C/T seizures and Racine score are presented for the experimental 

groups receiving pilocarpine only or CBiPES as pre- or posttreatment. Asterisks indicate significant 

differences between those groups.

Pretreatment

Latency to C/T seizure Bouts of C/T seizures Racine Score

Pilo Only 61.29 ±13.76 5.36 ±1.27 5.07 ± 0.29

CBiPES
(30 mg/kg)

132.3 ± 23.84 min* 0.56 ± 0.29* 3.67 ± 0.57

Posttreatment

Pilo Only 61.78 ± 15.65 2.22 ± 0.66 5.44 ± 0.29

CBiPES
(30 mq/kq)

135.3 ± 28.33 min* 0.67 ±0.49 4.5±0.56
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