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Abstract
Co-application of the convulsant 4-aminopyridine (4-AP) and the GABAB receptor antagonist CGP
55845 to adult guinea pig hippocampal slices elicits giant GABA-mediated postsynaptic potentials
(GPSPs) and epileptiform discharges. Here we tested the effects of the group I metabotropic
glutamate receptor (mGluR) subtype-selective antagonists LY 367385 (mGlu1, 100 µM), MPEP
(mGlu5, 10 µM), and MTEP (mGlu5, 500 nM) on this synchronous activity. Electrophysiological
field recordings were performed in the CA3 region of hippocampal slices from adult guinea pigs.
The mGlu5 receptor antagonists increased GPSP rate, but the mGlu1 receptor antagonist did not.
This ability of mGlu5 receptor antagonists to increase the rate of GPSPs indicates that enough
endogenous glutamate is released under these conditions to activate group I mGluR; nevertheless,
co-application of a mGlu1 receptor antagonist (LY 367385 or JNJ 16259685) and MPEP did not
decrease pre-existing epileptiform activity. Furthermore, co-application of LY 367385 and MPEP
did not prevent the emergence of epileptiform activity. When ionotropic glutamate receptor (iGluR)
antagonists were present, neither MPEP nor the group I mGluR agonist DHPG changed GPSP rate,
suggesting that pyramidal cell-to-interneuron iGluR-mediated synaptic connections are involved in
the rate change mechanism. In contrast to the lack of effect of group I mGluR antagonists on
epileptiform activity in the 4-AP/CGP 55845 model, group I mGluR antagonists blocked the
emergence of longer epileptiform events and decreased the overall amount of synchronous activity
in the GABAA antagonist/4-AP model. In conclusion, in the 4-AP/CGP 55845 model, enough
glutamate was released to activate group I mGluRs and affect GPSP rate via mGlu5 receptors;
however, this group I mGluR activation was not required for the generation of the epileptiform
activity.

Introduction
Group I metabotropic glutamate receptor (mGluR) activation has been implicated as a mediator
of epileptiform activity in several different models both in vitro (Arvanov et al., 1995; Burke
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and Hablitz, 1995; Taylor et al., 1995; Merlin and Wong, 1997; Martín et al., 2001; Lee et al.,
2002) and in vivo (Tizzano et al., 1995; Camón et al., 1998; Thomsen and Dalby, 1998;
Chapman et al., 1999; Chapman et al., 2000; Smolders et al., 2004; Yan et al. 2005). In some
of these models group I mGluR antagonists block the emergence of the epileptiform activity
but do not block established epileptiform activity (Arvanov et al., 1995; Martín et al., 2001).
Both the mGlu1 and mGlu5 subtypes of group I mGluR have been shown to play a role in the
generation of epileptiform activity (Chapman et al., 1999; Chapman et al., 2000; Merlin,
2002; Smolders et al., 2004), with possible differential roles in induction and maintenance of
the activity (Merlin, 2002). These experiments and others have generated interest in group I
mGluRs as possible targets for antiepileptic and even antiepileptogenic drug development
(Merlin, 2002; Moldrich et al., 2003; Wong et al., 2005). In addition, these experiments bring
to mind the question of whether group I mGluR activation is required for the induction and/or
maintenance of all epileptiform activity. With this question in mind, here we test the ability of
group I mGluR antagonists to block or prevent the emergence of epileptiform activity in the
4-aminopyridine (4-AP)/CGP 55845 model, which has some relevant features not shared by
other in vitro models.

In the presence of the convulsant 4-AP and the GABAB receptor antagonist CGP 55845, giant
GABA-mediated postsynaptic potentials (GPSPs) occur rhythmically every 15–30 s, and each
GPSP is directly followed by an ionotropic glutamate-dependent epileptiform discharge
(Kantrowitz et al., 2005). The 4-AP/CGP 55845 model is of particular interest because it shares
features with tissue taken from epileptic humans: 1) In contrast to many other in vitro epilepsy
models, the epileptiform activity is dependent upon intact GABAA receptor function, which
may also be true of epileptiform activity in tissue taken from epileptics (Babb et al., 1989;
Kohling et al., 1998; Cohen et al., 2002); 2) Brain tissue from epileptic humans has been
reported to lack GABAB receptor function (Deisz, 1999); 3) Brain tissue taken from patients
with intractable epilepsy shows evidence of depolarizing GABA responses in pyramidal cells
generated by synchronous interneuron activity (Cohen et al., 2002). Likewise, in the 4-AP /
CGP 55845 model, the GPSPs are caused by the synchronous firing of a group of GABAergic
interneurons (Michelson and Wong, 1991), and each GPSP in the pyramidal cell has a
prominent depolarizing GABA component (Kantrowitz et al., 2005). Rodent data indicate that
it is the depolarizing component of the GPSP that triggers the discharge that follows
(Kantrowitz et al., 2005; see also Avoli et al., 1996).

Because we expect a condition of increased endogenous glutamate release in the presence of
4-AP and CGP 55845, we expect mGluRs to be activated and to possibly play a role in the
generation or modulation of the synchronous activity. Here we find evidence of group I mGluR
activation in 4-AP/CGP 55845 and investigate its role in the generation of the epileptiform
activity and its influence upon GPSP rate.

Methods
Slice preparation and electrophysiology

The experiments were done in adult guinea pig hippocampal slices. The animal protocol was
approved by the Animal Care and Use Committee at SUNY Downstate Medical Center and is
in compliance with international guidelines. Guinea pigs (220–350 g) were anesthetized with
halothane and decapitated with a guillotine. 300 µm transverse slices of hippocampus were cut
using a vibratome. Cutting solution was the same as the extracellular recording solution listed
below except CaCl2 was 0.5 mM and MgCl2 was 8 mM. Slices were transferred to a holding
chamber and held at 31.5°C for 1 hour and at room temperature thereafter as described in
Kantrowitz et al. (2005). After one hour or longer in the holding chamber, slices were
transferred to the recording chamber where they were maintained at an interface between
continuously perfusing oxygenated solution and humidified 95% O2 / 5% CO2 gas at 34°C.
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The extracellular recording solution (which was also the solution in the holding chamber) for
all the experiments except the ones using gabazine contained (in mM) 125 NaCl, 25
NaHCO3, 2.5 KCl, 1.6 MgCl2, 2.0 CaCl2, 11 D-glucose, as used previously (e.g., Kantrowitz
et al., 2005). The extracellular recording solution for the experiments using gabazine was the
same except the KCl concentration was 5.0 mM instead of 2.5 mM. 5.0 mM is the KCl
concentration used by Merlin and Wong (1997) and Lee et al. (2002) in experiments using
GABAA antagonist to elicit synchronous activity in hippocampal slices. GABAA antagonist
does not elicit synchronous activity in 2.5 mM KCl in adult guinea pig hippocampal slices (A.
Salah, V. Chen, K. L. Perkins, personal observation).

Extracellular field potential recordings were performed with a glass electrode (0.3 – 2 MΩ)
filled with 150 mM NaCl. The recording electrode was placed at the CA3 stratum lacunosum-
moleculare (SLM)-stratum radiatum (SR) border or in the CA3 pyramidal cell body layer.
Preliminary dual-electrode experiments demonstrated that the field potentials occur
simultaneously but with a different polarity at the two sites. Our electrode placement was
chosen to give the largest signal to noise ratio, which was most often at the SLM-SR border.

Drugs
Drugs used to elicit epileptiform activity in the majority of experiments were 4-aminopyridine
(4-AP, 50 µM) and the GABAB receptor antagonist (2S)-3-[[(1S)-1-(3,4-dichlorophenyl)ethyl]
amino-2-hydroxypropyl](phenylmethyl) phosphinic acid (CGP 55845, 1–2 µM; Davies et al.,
1993). 4-AP is pro-convulsant because it increases transmitter release (Buckle and Haas,
1982), apparently due to block of certain voltage-gated potassium channels on synaptic
terminals (Storm, 1988; Coetzee et al., 1999). In adult guinea pigs, co-application of 4-AP and
CGP 55845 is preferable to 4-AP alone (Rutecki et al., 1987) for the study of epileptiform
activity because 4-AP alone often elicits only GPSPs (Kantrowitz et al., 2005). In a separate
set of experiments epileptiform activity was induced by applying the GABAA antagonist
gabazine (6 µM) along with 4-AP (50 µM).

Group I mGluR antagonists used were (S)-(+)-α-amino-4-carboxy-2-methylbenzeneacetic acid
(LY 367385, 100 µM), which preferentially blocks the mGlu1 receptor subtype; 3,4-
dihydro-2H-pyrano[2,3-b]quinolin-7-yl)-(cis-4-methoxycyclohexyl)-methanone (JNJ
16259685, 100 nM, dissolved in DMSO), a non-competitive antagonist which also
preferentially blocks mGlu1 receptor-mediated effects; 2-methyl-6-(phenylethynyl)pyridine
hydrochloride (MPEP, 10 µM), which preferentially blocks the mGlu5 receptor subtype; and
3-((2-methyl-1,3-thiazol-4-yl)ethynyl)pyridine hydrochloride (MTEP, 500 nM), which also
preferentially blocks the mGlu5 receptor subtype. These particular mGluR antagonists at these
concentrations were chosen for their potency and specificity at group I metabotropic glutamate
receptors. Often LY 367385 and MPEP were applied together in order to completely block
group I mGluRs; in those cases they will be referred to as LY/MPEP. In one experiment the
group I mGluR agonist (S)-3,5-dihydroxyphenylglycine (DHPG, 50 µM) was used. When
noted, the AMPA/kainate ionotropic glutamate receptor antagonist 2,3-dioxo-6-nitro-1,2,3,4,-
tetrahydrobenzo[f]quinoxaline-7-sulfonamide disodium salt (NBQX, 10 µM ) and/or the
NMDA ionotropic glutamate receptor antagonist D-(−)-2-amino-5-phosphonopentanoic acid
(D-AP5, 50 µM) were added to the recording solution. The MTEP was purchased from Ascent
Scientific (Weston, United Kingdom). The other glutamate receptor antagonists and agonist
and the CGP 55845 were purchased from Tocris Cookson (Ellisville, MO). Other chemicals
were purchased from Sigma-Aldrich (St. Louis, MO).

When 4-AP/CGP 55845 were added to the recording solution alone or simultaneous with other
drugs, the brain slice was exposed for 1 hour, during which the GPSP rate stabilized, before
the addition of a new drug. When a new drug was added, the activity was measured for 10–20
min after waiting a period of 30–40 min to insure complete drug wash in. When washing out
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a drug, the drug was washed for 30–40 minutes, and then the activity was measured for a period
of 10–20 minutes.

Data analysis
A GPSP alone was not considered to be epileptiform activity. A GPSP followed by a discharge
was considered to be epileptiform activity. When a discharge followed a GPSP, it was made
up of one or more individual deflections in the field potential recording, each of which
corresponds to a burst in the pyramidal cells (Kantrowitz et al., 2005). In a departure from our
earlier paper (Kantrowitz et al., 2005), each of these individual deflections following the GPSP
will be termed a discharge deflection (DD). Three measures were used to analyze the 4-AP/
CGP 55845 data: the number of GPSPs per 10-min period, the number of DDs per GPSP (zeros
were included in computing the mean), and the total number of DDs per 10-min period. The
number of DDs per 10-min period was used as the measure of the magnitude of epileptiform
activity.

When recording activity in gabazine or gabazine/4-AP, there were no GPSPs. We did not
attempt to distinguish between what we considered to be epileptiform activity and what we
considered to be simply synchronous activity; i.e., we did not employ a threshold length above
which events were considered to be epileptiform. All synchronous events were measured from
the initial peak of the first deflection to the final peak of the last deflection as indicated in Fig.
5A and included in the measure of total time spent in synchronous activity.

Values are reported as mean ± SD. n values in the text refer to the number of slices (or to the
number of pairs of slices in the paired-slice experiments). In no case were more than 2 slices
from the same animal used (or more than 2 pairs of slices in the paired-slice experiments), and
in no case were two slices used simultaneously. Where percent change is reported, the percent
change was calculated for each recording individually, and then the mean of the changes was
calculated. Statistics were performed on raw data rather than on the percent change data. Unless
otherwise noted, each slice served as its own control. For experiments in which there were
three conditions (control, drug, wash) the nonparametric Friedman 2-way analysis of variance
test was used initially to test for a difference among the groups; P < 0.05 was considered a
significant difference. For cases in which the Friedman test showed no significant difference,
the Friedman P value is shown in the text. For experiments in which there were only two groups
or in which the Friedman test had shown a significant difference, P values were calculated
using the Wilcoxon signed ranks test, which is the nonparametric equivalent of the paired t-
test. P < 0.05 was considered significant. P values reported in the text are Wilcoxon values
unless noted as Friedman. When determining whether the number of DDs per GPSP changed
within a single slice before and after drug or was different between control and LY/MPEP
slices in a single pair (e.g., “DDs/GPSP decreased in 3 out of 7 slices”), the t-test was used and
the n was the number of GPSPs in ten minutes (approximately 30). In these cases, exact P
values are not reported; P > 0.05 is reported as no change. Graphs were made using SigmaPlot
9.01 (Systat Software, Inc., Point Richmond, CA). Statistics were performed using SPSS 15
software (Chicago, IL).

Results
Group I mGluR antagonists did not decrease ongoing epileptiform activity in the 4-AP/CGP
55845 model but did increase GPSP rate

Exposure of slices to 4-AP/CGP 55845 elicited epileptiform activity as described previously
(Kantrowitz et al., 2005). An epileptiform event consisted of a GPSP followed by one or more
DDs and was 500 ms to 2 s long (Fig. 1A). In order to investigate the effect of complete block
of group I mGluRs on ongoing epileptiform activity, slices were exposed first to 4-AP/CGP
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55845 and then to LY 367385 and MPEP (LY/MPEP) followed by washout of the LY/MPEP.
LY/MPEP did not change the level of epileptiform activity, as measured by the total number
of DDs per 10-min period (13 ± 49% change; P = 0.6, Friedman test, n = 7; Fig. 1B). In addition,
there was no consistent change in the mean number of DDs per GPSP (−7 ± 49% change; P =
0.2, Friedman test; DDs/GPSP decreased with LY/MPEP in 3 out of 7 slices, increased in 3/7
and stayed the same in 1/7). However, the mean number of GPSPs per 10-minute period
increased with the addition of LY/MPEP (33 ± 30% increase; P = 0.018, n = 7; Fig. 1C), and
then fell with washout of LY/MPEP (P = 0.043 drug vs. wash, n = 7; Fig. 1C). Wash was not
significantly different from control (P = 0.1). We also tested co-application of the non-
competitive mGlu1 receptor antagonist JNJ 16259685 with MPEP. Slices were exposed first
to 4-AP/CGP 55845 and then to JNJ 16259685 and MPEP (JNJ/MPEP) followed by washout
of the JNJ/MPEP. JNJ/MPEP did not change the level of epileptiform activity, as measured
by the total number of DDs per 10-min period (18 ± 28 % change; P = 0.4, Friedman test, n =
5). In addition, there was no consistent change in the mean number of DDs per GPSP (0.7 ±
35 % change; P = 0.9, Friedman test, n=5). However, the mean number of GPSPs per 10-
minute period increased with the addition of JNJ/MPEP (29 ± 10% increase; P = 0.043, n =
5), and then fell with washout of JNJ/MPEP (P = 0.043 drug vs. wash, n = 5). Wash was not
significantly different from control (P = 0.1).

MPEP and MTEP, but not LY 367385 and not D-AP5, increased GPSP rate
LY 367385 selectively blocks the mGlu1 receptor subtype of group I mGluRs (Clark et al.,
1997); whereas MPEP selectively blocks the mGlu5 receptor subtype (Gasparini et al.,
1999). We did experiments to separately test their effects on GPSP rate. Application of LY
367385 did not affect the rate of ongoing GPSPs (−3 ± 24 % change; P = 0.5, Friedman test,
n = 7; Fig. 2A). Application of MPEP increased the rate of ongoing GPSPs (17 ± 13 % change;
P = 0.008, n = 10; Fig. 2B), which then decreased with washout of the MPEP (P = 0.007, drug
vs. wash, n = 10; Fig. 2B). Wash was not significantly different from control (P = 0.2).

Since MPEP has been reported to have some antagonist activity at NMDA receptors at 20 µM
in cell culture (O’Leary et al., 2000; however, contrast that to its lack of effect on NMDA-
mediated potentials at 10 µM in hippocampal slices, Francesconi et al., 2004), we next tested
whether the increase in the rate of GPSPs may have been caused by MPEP acting at NMDA
receptors rather than at mGlu5 receptors. Application of D-AP5 did not increase the rate of
GPSPs and instead actually decreased the rate of GPSPs (−16 ± 9 % change; P = 0.018, n =
7). (D-AP5 did not block the epileptiform discharges.) See further investigation of iGluR
antagonist effect on GPSP rate below.

In order to confirm that MPEP was acting via mGlu5 receptors, we repeated the MPEP
experiment substituting the potent and specific mGlu5 receptor antagonist MTEP (Anderson
et al., 2002). MTEP increased the rate of GPSPs (34 ± 14 % change; P = 0.012, n = 8; Fig.
2C), which then decreased with washout of the MTEP (P = 0.018, drug vs. wash, n = 7; Fig.
2C). Wash was not significantly different from control (P = 0.4 ).

We also measured DDs per 10-min period in these single-antagonist experiments. None of the
three antagonists significantly changed the number of DDs per 10-minute period: LY 367385
(−2 ± 20 % change; P = 1.0, n = 7); MPEP (−16 ± 33 % change; P = 0.1, n = 10; MTEP (−5
± 45 % change; P = 0.5, n = 8).

In the presence of iGluR antagonists, MPEP did not increase GPSP rate and group I mGluR
agonist did not decrease GPSP rate

We tested whether MPEP would also increase GPSP rate in the presence of the iGluR
antagonists D-AP5 and NBQX. As reported previously (Kantrowitz et al., 2005), block of
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ionotropic glutamate receptors (iGluRs) blocked the epileptiform activity but did not block the
GPSPs (Fig. 3A).

Slices were exposed to 4-AP, CGP 55845, NBQX, and D-AP5 for one hour, and then MPEP
was added. Addition of MPEP clearly did not increase GPSP rate (−10 ± 13% change, P = 0.1,
n = 7; Fig. 3B). Since epileptiform activity is blocked in iGluR antagonists, less glutamate
would be released and presumably there would thus be less activation of group I mGluRs. It
was unclear, then, whether MPEP failed to increase GPSP rate because there was very little
mGlu5 receptor activation to block, or whether it was because the MPEP effect on rate is
accomplished via ionotropic glutamatergic synaptic activity.

In order to address this question, we applied the group I mGluR agonist DHPG in the presence
of iGluR antagonists. In this scenario, the group I mGluRs would be well-activated despite the
presence of iGluR antagonists. Since mGluR antagonists normally increase GPSP rate, we
would expect mGluR agonist to decrease GPSP rate if the mGluR rate mechanism works
independent of ionotropic glutamatergic synaptic transmission. Following a 1-hr exposure to
4-AP and the iGluR antagonists D-AP5 and NBQX, DHPG was added to the recording solution.
Application of DHPG did not affect the rate of ongoing GPSPs (0 ± 14 % change; P = 0.4, n
= 7; Fig. 3C).

iGluR antagonists themselves decreased GPSP rate
The above experiments indicate that intact ionotropic glutamatergic synaptic transmission is
required in order for mGlu5 receptor antagonists to increase GPSP rate. The hypothesis is that
mGlu5 receptor antagonist is enhancing the ability of pyramidal cells to trigger the synchronous
GABAergic events. When recording in whole-cell voltage-clamp mode with ionotropic
glutamatergic transmission intact, it is apparent that some giant GABA-mediated postsynaptic
currents (GPSCs, the voltage-clamp equivalent of GPSPs) are directly preceded by large,
ionotropic glutamate-mediated inward synaptic currents and some are not (Perkins, personal
observation; also compare Fig. 1A, which has no downward deflection preceding the GPSP to
Fig. 4A, which has a downward deflection directly preceding the GPSP). The GPSPs that are
directly preceded by synaptic glutamatergic events may be triggered by those events. If so, we
would expect the rate of GPSPs to decrease when iGluR are blocked. Slices were exposed first
to 4-AP/CGP 55845 for 1 hr and then additionally to the iGluR antagonists NBQX and D-AP5.
As reported previously, the NBQX/D-AP5 blocked the discharge deflections but not the GPSPs
(Kantrowitz et al., 2005, see also Fig. 3A). The NBQX/D-AP5 also blocked the iGluR-mediated
field potentials that had directly preceded some of the GPSPs. The NBQX/D-AP5 reduced the
number of GPSPs per 10-min period by 25 ± 15 % (P = 0.018, n= 7), suggesting that a subset
of GPSPs may normally be triggered by an iGluR-mediated synaptic event.

LY/MPEP did not prevent the emergence of epileptiform activity induced by 4-AP/CGP 55845
Other groups have found that mGluR antagonists may have no effect on ongoing epileptiform
activity and yet block the emergence of epileptiform activity (Arvanov et al., 1995; Martín et
al., 2001). In order to test whether group I mGluR activation would block the emergence of
epileptiform activity in the 4-AP/CGP 55845 model, paired slices from the same animal were
used to compare epileptiform activity in the control group, which was exposed only to 4-AP/
CGP 55845, with that in the experimental group, which was exposed first to LY/MPEP and
then additionally to 4-AP/CGP 55845. Pre-exposure of the experimental-group slices to the
group I mGluR antagonists for 30 min insured that there was no group I mGluR activation
upon exposure to 4-AP/CGP 55845. The experiments were done alternating between control
protocol first and experimental protocol first. All comparisons in these paired-slice experiments
used n = 7 pairs. Epileptiform activity was generated in both protocols (Fig. 4A). There was
no difference in epileptiform activity between the two groups as measured by the total number
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of DDs per 10-min period (P = 0.4, Fig. 4B). There also was no difference between the two
groups in the number of DDs per GPSP (P = 0.5; control mean 3.2 ± 2.3; LY/MPEP mean 3.0
± 2.6). There was, however, a significantly greater number of GPSPs per 10-min period in the
slices exposed to LY/MPEP (P = 0.028; Fig. 4C), in confirmation of the above experiments.

Pre-exposure to LY/MPEP blocked the emergence of longer epileptiform events in the
GABAA antagonist/ 4-AP model

Group I mGluR antagonists have prevented the emergence of epileptiform activity in vitro or
protected against the onset of seizures in vivo in several different models (see DISCUSSION). In order
to test if group I mGluR antagonists could prevent the emergence of epileptiform activity in
our adult guinea pig hippocampal slices using a model other than the 4-AP/CGP model, we
tested the effect of LY/MPEP using the 4-AP/GABAA antagonist model. Paired slices from
the same animal were used to compare epileptiform activity in the control group, which was
exposed only to the GABAA antagonist gabazine and 4-AP (gabazine/4-AP) with that in the
experimental group, which was exposed first to LY/MPEP for 30–40 minutes and then
additionally to gabazine/4-AP (Fig. 5). The experiments were done alternating between control
protocol first and experimental protocol first. All comparisons in these paired-slice experiments
used n = 7 pairs. Slices exposed to LY/MPEP had less synchronous activity; total synchronous
activity in ten minutes averaged 48.3 ± 11.5 s in slices that were not exposed to LY/MPEP and
32.3 ± 8.3 s in slices that were exposed to LY/MPEP (P = 0.028; Fig. 5B). We found no
significant difference when comparing mean length of single synchronous events without LY/
MPEP (376 ms ± 240 ms) to with LY/MPEP 201 ± 57 ms (P=0.091); however, we noted the
presence of a group of longer synchronous events in the slices not exposed to LY/MPEP (Fig.
5C). GABAA receptor antagonist alone (without 4-AP) produces spontaneous synchronous
events (e.g., Merlin and Wong, 1997; Lee et al., 2002). In separate slices we recorded
synchronous events in gabazine alone. The mean length of synchronous events in gabazine
alone was 337 ± 43 ms (n = 4 slices). The mean length plus one SD was therefore 380 ms. We
then analyzed the data to see how many synchronous events in the gabazine + 4-AP paired-
slice experiments were longer than 380 ms. There were 0 synchronous events longer than 380
ms in a 10-min period in the slices exposed to LY/MPEP and a mean of 51 ± 44 synchronous
events longer than 380 ms in a 10-min period in the slices not exposed to LY/MPEP. The
difference was significant (P = 0.019).

Discussion
The data presented here show that enough glutamate was released in the presence of 4-AP/
CGP 55845 to activate group I mGluRs and affect GPSP rate, but that this activation was not
involved in the generation of the epileptiform activity in this model. Group I mGluR antagonists
neither reduced ongoing epileptiform activity nor prevented the emergence of epileptiform
activity in the 4-AP/CGP 55845 model. In contrast, group I mGluR antagonists did decrease
epileptiform activity in the GABAA antagonist/4-AP model.

Group I mGluR and epileptiform activity
Other groups have also shown that group I mGluR antagonists reduce epileptiform activity in
in vitro models other than the 4-AP/CGP 55845 model. For example, group I mGluR
antagonists block persistent epileptiform activity induced by the group I mGluR agonist DHPG
in guinea pig hippocampal slices (Merlin and Wong, 1997). Prior to us, Lee et al. (2002) showed
that group I mGluR antagonists decrease epileptiform activity induced by 4-AP and GABAA
receptor antagonist in the CA3 region of mouse hippocampal slices. Experiments using 4-AP
in rat amygdala (Arvanov et al., 1995) and using 4-AP/low Mg++ in juvenile CA1 rat
hippocampus (Martín et al., 2001) showed that while the group I and II mGluR antagonist
MCPG did not affect pre-existing ictal-like activity, pre-application of MCPG did prevent the
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emergence of ictal-like epileptiform activity. Despite the existence of these three 4-AP
examples in which group I mGluR antagonists inhibit epileptiform activity, our 4-AP/CGP
55845 experiments indicate that using 4-AP in the induction of the in vitro epileptiform activity
is not sufficient to confer group I mGluR antagonist sensitivity upon the epileptiform activity.

We hypothesize that different mechanisms of generation of the epileptiform activity in the
different models accounts for why group I mGluR antagonists suppress or prevent the
emergence of epileptiform activity in some models and not in others. Both the triggering
mechanism and the mechanism which sustains a discharge may differ among the different
models. For example, whereas in the 4-AP/CGP 55845 model the depolarizing GABA
component of the GPSP triggers the onset of each epileptiform discharge (Kantrowitz et al.,
2005), the same could not be true in the 4-AP/GABAA antagonist model because GABAA-
mediated potentials are blocked. Although neither Arvanov et al. (1995) nor Martín et al.
(2001) was routinely blocking GABAA-mediated synaptic transmission (Martín et al. did block
GABAA receptors in a few experiments to show that GABAA activation was not required for
the epileptiform activity), the ictal-like epileptiform activity in these reports does not appear
to be initiated by a GPSP and thus likely involves different mechanisms than the epileptiform
activity recorded in our 4-AP/CGP experiments. In addition, in the 4-AP/CGP 55845 model,
the depolarizing GABA input probably also helps to sustain the string of ionotropic glutamate-
mediated discharge deflections by providing an underlying depolarization of the pyramidal
cell that lasts the same length of time as an individual epileptiform event (Kantrowitz et al.,
2005); whereas in some other models, in particular the model of persistent epileptiform activity
induced by DHPG (Merlin and Wong, 1997), group I mGluR activation may provide this
underlying depolarization, possibly through activation of ImGluR(V) (Wong et al. 2004).

Group I mGluR antagonists have also shown the ability to protect against some types of seizures
in in vivo models. Group I mGluR antagonists protect against the onset of sound-induced
seizures in mice genetically prone to audiogenic seizures: mGlu1 and mGlu5 receptor
antagonists protect against sound-induced generalized motor seizures in DBA/2 mice
(Chapman et al., 1999, 2000); mGlu1 receptor antagonists protect against sound-induced
seizures in genetically epilepsy-prone rats (Chapman et al. 1999); and mGlu5 receptor
antagonist protects against sound-induced seizures in a mouse model of Fragile X syndrome
(Yan et al., 2005). Group I mGluR antagonists also prevent the onset of seizures induced by
intrahippocampal injection of the muscarinic agonist pilocarpine (Smolders et al., 2004). There
have been conflicting results when testing the ability of mGlu1 receptor antagonists to protect
against seizures induced by the GABAA antagonist pentylenetetrazole in mice, which may be
due to the different antagonist employed: AIDA was protective (Thomsen and Dalby, 1998)
and LY 456236 was not (Shannon et al., 2005). Reports that group I mGluR antagonists are
efficacious at protecting against seizures in the 6-Hz electroshock model of partial seizures
and the amygdala kindling model of temporal lobe epilepsy (Barton et al., 2003; Shannon et
al., 2005) have been disputed by Löscher et al. (2006) who contend that the doses used in the
initial studies were much higher than that needed to saturate group I mGluRs, which may mean
the agents were acting via some other mechanism.

It may be the case that only epileptiform activity that was initially caused via overactivity in a
specific set of pathways will be shown to be sensitive to group I mGluR antagonists.
Interestingly, there is now an mGluR theory of Fragile X syndrome, which hypothesizes that
lack of the fragile X mental retardation protein (FMRP) causes a hyperactive response to mGlu5
receptor activation (Bear, 2005), possibly accounting for many of the symptoms of Fragile X
syndrome, including the audiogenic seizures (Chuang et al., 2005; Yan et al., 2005). The
pilocarpine-induced seizures, which were also sensitive to group I mGluR antagonists
(Smolders et al., 2004), may share some of the same pathways as seizures induced by overly
stimulating group I mGluR. Muscarinic receptor activation and group I mGluR activation share

Salah and Perkins Page 8

Neuropharmacology. Author manuscript; available in PMC 2009 November 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



some effector pathways (discussed in Chuang et al. 2002), and carbachol-induced and DHPG-
induced epileptiform activities recorded from hippocampal slices look indistinguishable
(Chuang et al. 2002).

Group I mGluR and GPSP rate
In contrast to a lack of effect of group I mGluR antagonists on epileptiform activity in our 4-
AP/CGP experiments, the mGlu5 receptor antagonists did consistently increase the rate of
GPSPs. Since MPEP and MTEP increased the rate of GPSPs, it follows, then, that the
endogenous activation of mGlu5 receptors in 4-AP causes the GPSPs to occur at a lower rate
than if the mGlu5 receptors had not been activated. There are several mechanisms by which
activation of mGlu5 receptors could decrease GPSP rate. It is known that mGlu5 receptors
exist on some hippocampal interneurons (Romano et al., 1995; Luján et al., 1996; van Hooft
et al., 2000) and on CA3 pyramidal cells (Romano et al., 1995; Luján et al., 1996). Even though
the generation of GPSPs is primarily an interneuron network phenomenon (Michelson and
Wong, 1991), and iGluR activation was not required for the generation of spontaneous GPSPs,
iGluR antagonists did decrease GPSP rate, indicating that some portion of the GPSPs are
probably triggered by a synchronous iGluR-mediated input, as suggested by the
electrophysiological recordings. Since mGlu5 receptor antagonist did not increase the rate of
GPSPs in the presence of iGluR antagonists, and group I mGluR agonist did not decrease the
rate of GPSPs in the presence of iGluR antagonists, the data suggest that mGlu5 receptor
antagonist normally works via the pyramidal cell-to-interneuron ionotropic glutamatergic
synapse to increase GPSP rate. Among other possibilities, the mGlu5 receptor antagonist may
be 1) increasing the synchronicity of pyramidal cell activity so that the interneuron network
receives stronger excitatory inputs that are thus more likely to trigger a GPSP, 2) increasing
the sensitivity of the interneurons to excitatory input, so that the same excitatory input is more
likely to trigger a GPSP, or 3) shortening the network refractory period that follows the
generation of a GPSP (Perreault and Avoli, 1992; Perkins, 2002) so that the interneuron
network is capable of responding sooner to an excitatory input. It is unclear which target of
mGlu5 receptor activation would be involved in the rate change. Group I mGluR activation
can cause a decrease in potassium conductance by inhibiting various potassium channels (e.g.,
Charpak et al., 1990; Chemin et al., 2003), can turn on the non-inactivating inward current
ImGluR(V) (Chuang et al., 2000), and can potentially have a myriad of other effects (Hermans
and Challiss, 2001).

Of additional interest is that the mGlu5 receptor antagonists increased GPSP rate while the
mGlu1 receptor antagonist had no effect on GPSP rate. One possible reason for differential
effects would be if mGlu5 but not mGlu1 receptors were present at the locus of action. Both
mGlu1 and mGlu5 receptors are present on CA3 pyramidal cells (Luján et al., 1996); however,
some hippocampal interneurons express mGlu5 receptors and not mGlu1 receptors (van Hooft
et al., 2000). A locus of action at CA3 interneurons expressing exclusively the mGlu5 subtype
of group I mGluR would thus be one explanation. Alternatively, activation of the two receptor
subtypes may exert different effects despite being co-expressed at the locus of action.
Differential effects of mGlu5 and mGlu1 receptor activation have been reported in the presence
of co-expression of the two group I mGluR subtypes in hippocampal pyramidal cells
(Mannaioni et al., 2001) and in several other cell types (reviewed by Valenti et al., 2002). These
differential effects could be due to the different C-terminal domains of the receptor subtypes,
which give them different phosphorylation sites and protein-binding sites (Joly et al., 1995;
Tateyama and Kubo, 2007) or to the single amino acid residue difference in the G protein-
coupling domains of the two receptor subtypes (Kawabata et al., 1996; Dale et al., 2002).

In conclusion, whereas we showed here that enough glutamate was released in the presence of
4-AP/CGP 55845 to activate mGlu5 receptors and affect GPSP rate, we also showed that group
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I mGluR antagonism did not decrease ongoing epileptiform activity in the 4-AP/CGP 55845
model. In addition, in contrast to the 4-AP/GABAA antagonist model, group I mGluR
antagonists did not inhibit the emergence of epileptiform activity in the 4-AP/CGP 55845
model. These data indicate that while group I mGluR activation plays a role in the generation
of epileptiform activity in some epilepsy models, it is not a universal requirement for the
generation of epileptiform activity. Instead, the combined presence of 1) a synchronous GABA-
mediated depolarization to provide both the trigger for each epileptiform event and an
underlying depolarization to sustain the event and 2) synchronous iGluR-mediated inputs to
provide phasic depolarizations within an event seems to be sufficient for the generation of
epileptiform activity in the 4-AP/CGP 55845 model.
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Fig. 1. Co-application of the group I mGluR antagonists LY 367385 (LY) and MPEP did not change
the amount of epileptiform activity but did increase the rate of giant GABA-mediated postsynaptic
potentials (GPSPs). Slices were exposed first to 4-AP/CGP 55845 and then additionally to LY/
MPEP, followed by washout of the LY/MPEP
A: Extracellular voltage traces recorded from same slice before (left) and after (right) exposure
to LY/MPEP. Electrode was placed at stratum lacunosum-moleculare /stratum radiatum
border in CA3. Top row: In this example, 6 GPSPs with accompanying discharge deflections
(DDs) occurred in a 2-min period before LY/MPEP, and 10 occurred in a 2-min period after
LY/MPEP. Bottom row: Single epileptiform events are expanded to reveal a GPSP followed
by 4 DDs before LY/MPEP (left) and a GPSP followed by 3 DDs after LY/MPEP (right). The
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traces in the bottom row were recorded from the same slice as the traces in the top row. B: The
epileptiform activity, as measured by total number of DDs per 10-min period, did not
consistently change with the addition of LY/MPEP. C: The number of GPSPs per 10-min
period increased after addition of LY/MPEP, and decreased with washout of LY/MPEP. *
indicates statistically significantly different from control; NS indicates not statistically
significantly different from control.
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Fig. 2. mGlu5 receptor antagonists increased GPSP rate
A: Application of the selective mGlu1 receptor antagonist LY 367385 (100 µM) did not affect
the rate of ongoing GPSPs. B: Application of the selective mGlu5 receptor antagonist MPEP
(10 µM) increased the rate of ongoing GPSPs, which then decreased with washout of the MPEP.
C: Application of the potent and selective mGlu5 receptor antagonist MTEP (500 nM)
increased the rate of GPSPs, which then decreased with washout of the MTEP. * indicates
statistically significantly different from control; NS indicates not statistically significantly
different from control.
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Fig. 3. In the presence of ionotropic glutamate receptor (iGluR) antagonists, mGlu5 receptor
antagonist did not increase GPSP rate, and group I mGluR agonist did not decrease GPSP rate
A: In the presence of 4-AP/CGP 55845A and the iGluR antagonists NBQX and D-AP5, GPSPs
still occurred rhythmically (left), but each GPSP was not followed by an epileptiform discharge
(expanded trace of second GPSP, right). B: In the presence of NBQX and D-AP5, the number
of GPSPs per 10-min period did not significantly change after addition of mGlu5 receptor
antagonist MPEP (10 µM). C: In the presence of NBQX and D-AP5, the number of GPSPs per
10-min period did not significantly change after addition of the group I mGluR agonist DHPG
(50 µM). NS indicates not statistically significant.
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Fig. 4. Group I mGluR antagonists LY 367385 and MPEP did not prevent emergence of
epileptiform activity. Slices from the same animal were paired (n = 7 pairs). The control group of
slices was exposed only to 4-AP/CGP 55845. The experimental group of slices was exposed first to
LY/MPEP alone for 30 min and then to 4-AP/CGP 55845 in the continued presence of LY/MPEP
A: Extracellular voltage traces recorded from control slice exposed only to 4-AP/CGP 55845
(left) and slice exposed to LY/MPEP and 4-AP/CGP 55845 (right). Electrode was placed at
stratum lacunosum-moleculare/stratum radiatum border in CA3. Top row: In this example, 6
GPSPs with accompanying discharge deflections (DDs) occurred in a 2-min period in the slice
not exposed to LY/MPEP, and 12 occurred in a 2-min period in the slice exposed to LY/MPEP.
Bottom row: Single epileptiform events (from a different pair of slices) are expanded to reveal
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a GPSP followed by 4 DDs in the slice not exposed to LY/MPEP (left) and a GPSP followed
by 3 DDs in the slice exposed to LY/MPEP (right). While the average number of discharge
deflections (DDs)/ GPSP was lower in the LY/MPEP slice in this particular pair, overall there
was no significant difference in DDs/ GPSP between the control and experimental groups (LY/
MPEP < control in 3/7 pairs, LY/MPEP > control in 2/7 pairs, LY/MPEP ≈ control in 2/7 pairs).
B: No significant difference in epileptiform activity as measured by total number of DDs per
10-min period in control group compared to group exposed to LY/MPEP + 4-AP/CGP 55845.
C: There were more GPSPs per 10-min period in the slices exposed to LY/MPEP. Error bars
are SD. * indicates statistically significant; NS indicates not statistically significant.
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Fig. 5. Group I mGluR antagonists LY 367385 and MPEP reduced epileptiform activity induced
by co-application of 4-AP and the GABAA antagonist gabazine. Slices from the same animal were
paired (n = 7 pairs). The control group of slices was exposed only to 4-AP/gabazine. The
experimental group of slices was first exposed to LY/MPEP alone for 30–40 min and then to 4-AP/
gabazine in the continued presence of LY/MPEP
A: Extracellular voltage traces showing a single epileptiform event recorded from control slice
exposed only to 4-AP/gabazine (left) and experimental slice exposed to LY/MPEP and 4-AP/
gabazine (right). Electrode was placed at stratum lacunosum-moleculare /stratum radiatum
border in CA3. Each synchronous event was measured from the first peak of the initial
deflection to the final peak of the last deflection as indicated in the figure. B: The slices exposed
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to LY/MPEP spent significantly less time in synchronous activity than control slices. In both
control and experimental slices, all synchronous events occurring in the 10-minute period
between 30 and 40 minutes of 4-AP/gabazine exposure were measured and the lengths were
added together as a measure of time spent in synchronous activity per 10-min period. C: There
were significantly more synchronous events longer than 380 ms in the control slices than in
those exposed to LY/MPEP. Error bars are SD. * indicates statistically significant.
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