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Group II metabotropic glutamate (mGlu II) receptors subtype 2 and 3 (mGlu2 and mGlu3) are subtle
regulators of neuronal excitability and synaptic plasticity in the hippocampus. In recent years,
researchers have investigated the potential neuroprotective and anticonvulsant effects of compounds
acting on mGlu II receptors. However, abnormal expression and function of mGlu2 and mGlu3 have
been reported in temporal lobe epilepsy, a phenomena that may limit the therapeutic effectiveness
of these potentially new antiepileptic drugs. Here, we investigated seizure-induced changes in mGlu2
and mGlu3 mRNA following pilocarpine-inducted status epilepticus (SE) and subsequent
epileptogenesis. Relative changes in gene expression were assessed by comparative analysis of
quantitative real-time PCR (qrtPCR) by the delta-delta CT method. Pilocarpine-treated and control
rats were sacrificed at different periods (24h, 10 days, one month and more than two months)
following SE. Total RNA was isolated from microdissected dentate gyrus and processed for RTPCR and qrtPCR using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an endogenous
control gene. Analysis of relative quantification (RQ) ratios of mGlu2 and mGlu3 mRNA expression
revealed a significant down-regulation of both targets at 24h after SE. Gene expression partially
recovered at 10 days following SE reaching control levels at one month after SE. Two month after
SE, mGlu2 mRNA expression was significantly down-regulated to ~41% of control expression
whereas mGlu3 mRNA was comparable to control levels. Our data indicate that mGlu2 and mGlu3
expression is dynamically down-regulated or selectively enhanced during critical periods of
epileptogenesis. Seizure-induced differential dysregulation of mGlu2 and mGlu3 receptors may
affect the availability of these molecular targets for therapeutic compounds in epilepsy.
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Compelling evidences indicate that G-protein coupled group II metabotropic glutamate (mGlu
II, mGlu2/3) receptors subtype 2 (mGlu2) and 3 (mGlu3) play a major role in regulating
glutamatergic transmission at both presynaptic and postsynaptic sites in the hippocampus
(Kamiya et al., 1996; Kew et al., 2001; Lea et al., 2001; Manzoni et al., 1995; Sanabria et al.,
2004; Scanziani et al., 1997; Toth et al., 2000; Yokoi et al., 1996). Immunohistochemical and
electron microscopy studies have revealed that mGlu2 is preferentially located at presynaptic
sites, especially in mossy fiber axons of granule cells in the dentate gyrus (Petralia et al.,
1996; Shigemoto et al., 1997). Upon activation, presynaptic mGlu2 act as feedback regulators
of excessive glutamate release by reducing the release probability of glutamatergic synapses
and inducing a long-term depression (LTD) of synaptic transmission (Kamiya et al., 1996;
Sanabria et al., 2004; Scanziani et al., 1997). In contrast, mGlu3 receptors are mainly positioned
at postsynaptic sites in the dentritic arborizations of granule cells (Petralia et al., 1996; Tamaru
et al., 2001) where they are thought to modulate plasticity of medial perforant path-dentate
gyrus synapses (Lea et al., 2001; Poschel et al., 2005).
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Despite major breakthroughs in pharmacological drug development, about 30% of patients
suffering from epilepsy remain medically intractable (Kwan and Brodie, 2006). Accordingly,
novel therapeutic compounds are necessary to battle pharmacoresistance (Majores et al.,
2007). Hyperexcitability has been associated with anomalous glutamate release, especially in
mesial temporal lobe epilepsy (MTLE) (Liu et al., 1995). Hence, compounds that reduce
glutamate release may be strategically important as antiepileptic (potentially neuroprotective),
because of their ability to attenuate exaggerated glutamate release. Accordingly,
pharmaceutical research has devoted special attention to novel drugs that can reduce
presynaptic release of glutamate (Fink et al., 2002; Macdonald, 1996; Omori et al., 1999;
Wheeler, 2002). In this line, the modulatory action of mGlu2 and mGlu3 in synaptic
transmission has revived interest in targeting these glutamate receptors for the treatment of
epilepsy. However, a down-side of this strategy is that expression of these receptors can be
abnormally regulated by seizures. For instances, in pups and adult rats, kainic acid-induced
status epilepticus (SE) provoke a reduction of mGlu2 mRNA in granule cells of dentate gyrus
(Aronica et al., 1997b). During the chronic period of the rat pilocarpine model of MTLE,
mGlu2/3 immunostaining was dramatically attenuated in mossy fibers and at the stratum
lacunosum/moleculare of the hippocampus while an apparent compensatory increase was
detected at the supragranular layers (middle and upper molecular layers) of the dentate gyrus
(Pacheco Otalora et al., 2006). This rearrangement of mGlu2/3 expression was also observed
in the pilocarpine mice model of MTLE and in patients suffering MTLE (Tang et al., 2004).
Moreover, previous study indicates that hippocampal kindling can produce a persistent upregulation of mGlu2/3 in the supragranular layer of the dentate gyrus (Aronica et al., 2000b).
Despite these preliminary data, epileptogenesis-dependent relative changes in mGlu2 and
mGlu3 transcript levels have not been adequately investigated in MTLE. In this study, we used
a comparative ΔΔCt paradigm of quantitative real-time PCR (qrtPCR) to assess changes in
relative gene expression of mGlu2 and mGlu3 at different time-points of epileptogenesis
following pilocarpine-induced SE.
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2. Results
2.1. Pilocarpine-induction of SE and subsequent epilepsy
In this study, we investigated changes in mGlu2 and mGlu3 gene expression at different stages
of epileptogenesis following SE in rats (acute, “latent” and chronic periods). For these purpose,
we isolated total RNA from microdissected dentate gyrus area of rats that were sacrificed at
four time points after pilocarpine-induced SE. The SE duration in all groups (24h, 10 days, 1
month and <2 month) was limited to ~3h by administration of diazepam to minimize variability
Brain Res. Author manuscript; available in PMC 2009 August 21.
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in the development of the pilocarpine model considering that the duration of SE positively
correlate with late neuropathological sequalae and epileptogenesis (Lemos and Cavalheiro,
1995; Lemos and Cavalheiro, 1996). Animals that experienced less than 3h of SE were not
included in the study. To determine whether expression of target genes mGlu2 and mGlu3 is
modified at critical stages of epileptogenesis we developed this study in the following
experimental groups: (a) acute period, rats (n=5) that were sacrificed 24h immediately after
the termination of SE (24h group); (b) “latent period”, rats (n=4) that were sacrificed 10 days
following SE (these animals didn’t exhibited any detectable Racine Scale 3 spontaneous
seizures by 8h/day video-monitoring with automatic detection SeizureScan System); (c)
chronic period, these epileptic rats exhibiting spontaneous recurrent seizures were assigned to
two separate groups sacrificed at 1 month (n=5) (early chronic epileptogenesis) and more than
2 month (n=5) after SE (late chronic epileptogenesis). As previously reported, chronically
epileptic rats exhibited in average 2–3 seizures/day and no differences were found between
chronic epileptic groups in seizure frequency. Control group included rats that were injected
with methyl-scopolamine and with saline instead of pilocarpine (n=4) and rats that received
both methyl-scopolamine and pilocarpine but did not developed SE (n=4). No seizures were
detected in this last group after at least 10 sections (8h each) of video-monitoring.
2.2. Analysis of changes in gene expression of mGlu2 and mGlu3 following pilocarpineinduced SE using comparative real-time PCR
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In this study, we applied the comparative CT quantification (ΔΔCt method) of qrtPCR for
comparing changes in gene expression of mGlu2 and mGlu3 following pilocarpine-induced
SE. Relative quantification was performed using GAPDH as endogenous control gene after
analyzing the gene expression profile of four candidate reference genes (i.e. RpL10, RpL28,
eukaryotic 18S and GAPDH) in randomly selected twenty different samples (cDNA from
control and several epileptic groups). The rationale was to select the more stable gene that
varied the less even during the epileptogenic process. GAPDH exhibited the less variability
among the samples as determined by the analysis of the standard deviation of the threshold
cycles (CT) values (see below).
Since the analysis of gene expression included different time-points after SE and animals with
different age, we first assessed age-dependent changes in mGlu2 and mGlu3 by performing
relative quantification in material obtained from age-matched control rats of different survival
times. Our analysis of the relative quantification (RQ) values using the ΔΔCt approach of
qrtPCR revealed not significant changes in mGlu2 and mGlu3 expression in control rats
sacrificed a different survival periods corresponding to 24h, 10 days, 1 month and >2 month
experimental groups (ANOVA, P>0.05). Accordingly, data from these control rats were
grouped together for statistical analysis.

NIH-PA Author Manuscript

Our analysis revealed a significant change in gene expression of mGlu2 (ANOVA, P<0.001,
F=6.3) and mGlu3 (ANOVA, P<0.01, F=4.7) at different stages of epileptogenesis following
pilocarpine-induced SE (Table 1, Fig. 2). A significant down-regulation of both mGlu2 (56%
reduction compared to controls, post-hoc P<0.05) and mGlu3 (63 % reduction compared to
controls, post-hoc P<0.01) was detected via by post-hoc Dunnett ‘s test at 24h following SE.
Gene expression partially recovered for both mGlu2 (21% reduction of controls) and mGlu3
(26% reduction of controls) transcripts at 10 days after SE where no significant differences
were revealed when compared to control levels (post-hoc Dunnett’s test, P>0.05). Gene
expression completely recovered during chronic epileptogenesis at 1 month following SE
where a non-significant 10% increase was detected for mGlu2 (post-hoc Dunnett’s test,
P>0.05) and a 11% reduction was noticed in mGlu3 (post-hoc Dunnett’s test, P>0.05). In
marked contrast, gene expression of these target genes diverged after 2 month of
epileptogenesis in such a way that mGlu2 expression was significantly down-regulated at 41%

Brain Res. Author manuscript; available in PMC 2009 August 21.

Ermolinsky et al.

Page 4

NIH-PA Author Manuscript

of control levels (post-hoc Dunnett’s test, P<0.05) while mGlu3 remained increased although
no significant changes were detected when compared to controls (by post-hoc Dunnett’s test,
P>0.05) (Fig. 2).

3. Discussion
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Our data indicate that pilocarpine-induced SE provokes an epileptogenesis-related
dysregulation of mGlu2 and mGlu3 expression in the dentate gyrus. A significant downregulation of these transcripts was observed at 24h after the SE insult as previously reported
for mGlu2 in kainic acid-induced SE (Aronica et al., 1997a). In this in situ hybridization study,
SE induced a significant reduction in the expression of mGlu2 mRNA in granule cells of the
dentate gyrus in pups and adult rats but did not alter the expression of mGluR1, mGlu3 and
mGluR5 mRNA. In a separate study, mGlu2/3 and mGluR5 protein expression was found to
be markedly increased in glial cells of CA3 and hilus by 1 week after electrical stimulationinduced SE, and persisted up to 3 months after SE (Aronica et al., 2000a). Interestingly, we
detected a compensatory increase in both mGlu2 and mGlu3 transcripts at 10 days after SE
that reach not significant differences than control. The difference among these data can be
explained by the fact that we are measuring changes in mRNA levels in total RNA extracted
from entire dentate gyrus while in the first study mRNA was quantified via in situ hybridization
on granule cells and in the second study, protein expression was analyzed instead of changes
in transcript levels. It is also possible that mGlu3 is preferentially expressed at glial cells playing
a major role in epilepsy-related hippocampal gliosis. Consistent with this notion, increased of
mGlu2/3 protein expression was reportedly enhanced in hippocampal immunoreactive
astrocytes in epileptic patients suggesting that mGlu2 and/or mGlu3 may be involved in the
process of reactive gliosis during the course of epileptogenesis (Tang and Lee, 2001). In line
with these findings, we observed a complete and persistent recovery on mGlu3 expression
during late epileptogenesis (> 2 month after SE). Therefore, the functional implications of
relative changes in mGlu2 and mGlu3 mRNA expression on total RNA during epileptogenesis
had to be considered in the context of cell-specific changes. Additional approaches including
single-cell qrtPCR are necessary to assess cell-specific changes in mGlu2 and mGlu3 gene
expression in epilepsy.
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After initial reduction in the acute phase of the pilocarpine model, relative expression of mGlu2
recovered near control values at 1 month, but a significant down-regulation was again detected
during the late phases of the chronic period. These data correlate with previous
immunohistochemical studies (Pacheco Otalora et al., 2006; Tang et al., 2004) reporting a
marked deficit in mGlu2/3 expression in chronically epileptic rats in the pilocarpine model of
epilepsy and in patients suffering MTLE (Pacheco Otalora et al., 2006; Tang et al., 2004). It
has been demonstrated that mGlu2 play a critical role in regulating presynaptic excitatory
transmission in dentate gyrus mossy fiber-CA3 synapses (XXX). Hence, deficient expression
of mGlu2 mRNA and proteins may provoke an exaggerated glutamate release,
hyperexcitability and neurodegenration during epileptogenesis.
In previous studies, strong mGlu2/3 immunoreactivity was observed in the molecular layers
of dentate gyrus in experimental models of MTLE (Pacheco Otalora et al., 2006; Tang et al.,
2004). Since mGlu3 is preferentially localized in postsynaptic sites in this area, it was suggested
that such increase was dependent on a preferential up-regulation of mGlu3. At this location,
mGlu3 is considered to play in regulatory role modulating the excitatory perforant path
glutamatergic inputs from entorhinal cortex. For instance, in vivo electrophysiological studies
revealed that mGlu3 in the perforant path play and essential role in LTD, and a modulatory
role in activity-dependent long-term potentiation (LTP), via distinct pre- and post-synaptic
mechanisms (Kilbride et al., 2001; Poschel et al., 2005). Hence, increased expression of mGlu3
protein and normalized expression of mGlu3 transcripts in dentate gyrus may represent a
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compensatory phenomenon to counter the hyperexcitability of entorhinal cortex-dentate gyrus
pathway in chronic epileptogenesis. In addition, mGlu3 high expression in glial cells is
considered to exert a neuroprotective action by regulating glial-neuronal pathways and
glutamate metabolism (Bruno et al., 1997). As discussed above, mGlu3 is increased in reactive
glial cells in epilepsy (Aronica et al., 2000a). Therefore, seizure-related changes in mGlu3 may
represent an additional compensatory change in epilepsy. Further studies are necessary to
elucidate the functional role of mGlu3 in chronic epileptogenesis.
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Recent gene profiling studies have been designed to provide a comprehensive assessment on
epilepsy progression and to discover new pharmacological targets (Aronica and Gorter,
2007; Elliott and Lowenstein, 2004; Hatazaki et al., 2007; Hunsberger et al., 2005; Lee et al.,
2007; Lukasiuk et al., 2003; Majores et al., 2007). Analysis of a large number of genes via the
Affymetrix Gene Chip System revealed a differential gene expression in total RNA extracted
from CA3 and entorhinal cortex at three different time points after electrically induced SE
representing acute, latent and chronic phases of this model of acquired epilepsy (Gorter et al.,
2006). This study also investigated whether mGlu3 expression change during acute, latent and
chronic epileptogenesis. Consistent with our data, the authors detected a significant downregulation of mGlu3 in the acute phase following SE (Cornus Ammonis and entorhinal cortex)
and in the latent period (entorhinal cortex). Moreover, gene expression levels apparently return
to control levels in the chronic phase. In addition, similar pattern of expression was observed
for most glutamate signaling-related genes that were acutely down-regulated (approximately
twofold) during the acute phase but recovered to control levels after the latent period.
Furthermore, gene expression remained below control levels in some genes including mGluR1
in the entorhinal cortex. As confirmed in our qrtPCR results for mGlu2 and mGlu3, seizureinduced deficits, wave of expression, and compensatory changes are a common gene
expression pattern during the course of epileptogenesis. The Seizure-related changes in gene
expression exhibited different patterns that may indicate dynamic reorganization of molecular
machinery (transcriptional, post-transcriptional, etc) accompanying structural and functional
modifications in epilepsy. The mechanisms leading to the decline in mGlu2 during early or
late (chronic) phases of epileptogenesis are currently unknown. It is possible that the
hyperexcitability and metabolic distress associated with SE induce an acute deficit in the
transcription machinery that can explain the down-regulation 24 h following SE. After an
apparent recovery, a pervasive deficiency may recur on the transcription process as a
consequence of spontaneous recurrent seizures. Further experiments are necessary to elucidate
the molecular mechanisms underlying transcriptional channelopathies in acquired epilepsy.
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Advances in genomic and proteomic approaches will undoubtedly provide a better
understanding in the molecular determinants of epileptogenesis when associated to functional
studies. These studies can shed light in seizure-related modifications of current antiepileptic
targets, a form of seizure-dependent plasticity that may interfere with the effectiveness of
antiepileptic drugs. Epilepsy-associated post-transcriptional changes in ion channels, receptors
and transporters (acquired channelopathies) may alter availability of molecular targets or
generate dysfunctional “epileptic” targets with deficient pharmacological properties via
abnormal splicing or additional post-translational modifications (e.g. phosphorylation).

Experimental Procedure
4. Material and methods
4.1. Animals and pilocarpine model of epilepsy—All experiments were performed in
accordance with the National Institutes of Health Guidelines for the Care and Use of
Laboratory Animals and with the approval of The University of Texas at Brownsville
Institutional Animal Care and Use Committee (Protocol#: 2007-001-IACUC). Wistar rats were
kept in acclimatized temperature-controlled vivarium with water and food ad libitum. All
Brain Res. Author manuscript; available in PMC 2009 August 21.
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efforts were made to minimize the number of animals in the study. Chronically epileptic rats
were obtained by the pilocarpine model of temporal lobe epilepsy following described
procedures (Cavalheiro, 1995; Mello et al., 1993; Pacheco Otalora et al., 2008). At the time of
inducing SE animals were approximately 20–30 days (180–250g). Methyl-scopolamine nitrate
(0.1 mg/kg in saline, s.c.) (Sigma-Aldrich, St. Louis, MO) was administered 30 min prior
pilocarpine to minimize the systemic side effects of cholinergic overstimulation (Turski et al.,
1984). Animals were then injected with 4% pilocarpine hydrochloride (Sigma-Aldrich) (350
mg/kg in saline, i.p.). Controls included (a) animals that received methyl-scopolamine but were
injected with saline instead of pilocarpine, (b) pilocarpine-injected animals that did not exhibit
seizures. Behavioral SE was limited to ~3 hr by administering two doses of diazepam (10–12
mg/kg, s.c. 6h interval). This procedure helps to increase the survival rate (Danzer and
McNamara, 2004; Mello et al., 1993; Pacheco Otalora et al., 2006; Pacheco Otalora et al.,
2008). All animals that suffered SE were given a subcutaneous injection of 20 ml Ringer-lactate
solution and diet was enriched with Nutra-Gel® soft food (Bio-Serv, Frenchtown, NJ) for at
least one week. After SE, rats were monitored for detection of at least two spontaneous seizures
(8h/day) using a JVC MiniDV digital video-camera and researcher-assisted SeizureScan
software (Clever Sys., Inc, Reston, VA). Seizures were confirmed off-line by a trained
researcher. Only seizures graded ≥ 3 in the Racine's scale (Racine, 1972) per week were
computed (according to sensitivity of the detection system). In average, SE-suffering rats
experienced approximately 2–3 per 8h period/day regularly during the observation period. For
isolation of total RNA pilocarpine-treated rats were sacrificed at 24h, 10 days, one month and
at more than two month (late chronic period) following induction of SE.
4.2. Isolation of total RNA isolation and RT-PCR
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Dentate gyrus RNA isolation: A set of age-matched control and epileptic rats were
anesthetized as above and rapidly decapitated to prepare 600 µm horizontal hippocampal slices
in ACSF (2–4°C). Sections were obtained from an area corresponding to a depth of 3–4.5
according to the Paxinos’s Atlas. Epileptic rats were sacrificed at different post-SE time points.
The region of dentate gyrus was carefully microdissected with 27 gauge needles assisted via
stereomicroscope (10–20x) and cold light transillumination. Under transillumination, a thin
C-shaped dark line corresponding to the granule cell layer can be observed in the dentate gyrus.
The dissection was performed along an imaginary line corresponding to the hippocampal
fissure. A perpendicular cut to this line was performed at the level of the anterior border of
dentate gyrus (C-shaped dark line) to separate the dentate gyrus from the Ca3 and part of the
Ca4 area. This material also include some interneurons and other hilar neurons, however the
majority of the cells are represented by granule cells. Sections were collected, weighed (~20
mg), homogenized, and processed for total RNA isolation at 4°C using the
RNAqueous®-4PCR Kit (Foster City, CA), following manufacturer’s instructions. The
concentration and purity of total RNA for each sample was determined by the Quant-iT™ RNA
Assay Kit and the Q32857 Qubit™ fluorometer (Carlsbad, Invitrogen, CA) and confirmed by
optical density measurements at 260 and 280nm using a BioMate 5 UV-visible
spectrophotometer (Thermo Spectronic, Waltham, Mass). For each sample, the RNA integrity
was assessed clear, sharp bands for 28S:18S ribosomal RNA (rRNA) by denaturating agarose
gel electrophoresis of RNA. Briefly, total RNA (5 µg) was denatured, and subjected to
electrophoresis in 2.2 M formaldehyde-1% agarose gel in morpholinepropanesulfonic acid
(MOPS) containing ethidium bromide (5 mg/ml). The agarose was prepared in RNase free
ultrapure water (pH=7.0) (Sambrook and Russell, 2001).
4.3. Reverse transcription and endpoint polymerase chain reaction (RT- PCR)
RNA reverse transcription: RNA samples from each set of control and epileptic rats where
processed in parallel under the same conditions. RT and PCR reactions were performed on an
iCycler Thermal Cycler PCR System (Bio-Rad Laboratories, Hercules, CA) with 96-well
Brain Res. Author manuscript; available in PMC 2009 August 21.
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reaction module using the High Capacity cDNA Reverse Transcription Kit (P/N: 4368814,
Applied Biosystems, CA, USA) for synthesis of single stranded cDNA. The cDNA synthesis
was carried out by following manufacturer's protocol. Each RT reaction contained 1000 ng of
extracted total RNA template, 50 nM random RT primer, 1 × RT buffer, 0.25 mM each of
dNTPs, 3.33 U/µl Multiscribe reverse transcriptase and 0.25 U/µl RNase Inhibitor. The 20 µl
reactions were incubated in the iCycler Thermocycler in thin-walled 0.2-µl PCR tubes for 10
min at 25°C, 120 min at 37°C, 5 sec at 85°C and then held at 4°C.
Determining the efficiency of the RT reaction and amount of input RNA template:
Exceeding the capacity of the RT reactions may lead to significant errors in the RNA
quantification process. Hence, input amount of total RNA was set (normalized for each sample)
to 1000 ng after determining the capacity, linearity and RT efficiency of the RT Kit using serial
dilutions of input RNA. Briefly, each RNA concentration was reverse transcribed using the
same RT reaction volume. The resulting cDNA template was added to the real-time PCR
Master Mix and PCR reactions were amplified using the StepOne™ Real-Time PCR System
(Applied Biosystems) using Taqman-based Applied Biosystems gene expression assays
Hs99999901_s1 for eukaryotic 18S rRNA (a common RNA mass normalizer) and
Rn99999916_s1 for endogenous control Glyceraldehyde 3 phosphate dehydrogenase 1
(GADPH). The amount of input RNA (1000 ng) was comprised within the dynamic range of
the amplification.
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Primers design for mGlu2 and mGlu3 mRNA: Primers for qrtPCr analysis of mGlu2 and
mGlu3 expression levels were designed using the Primer Express software v2.0 (Applied
Biosystems) and/or vectorNTI Primer Design For PCR (Invitrogen). The primers for each
amplicon were selected so as to contain minimal internal secondary structure (i.e. hairpins and
primer–dimer formation) as determined by OligoAnalyzer 3.0 webserver available at IDT
SciTools and to have compatible Tm values (~60°C). Information about specific primers for
the rat mGlu2 and mGlu3 mRNA related sequences and housekeeping gene GAPDH is
provided in Table 1. The Housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase
(GADPH), served as an internal control and simultaneously assessed in separate reaction tubes.
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End-point PCR analysis: Each PCR amplification (20 µl of final volume) contained 10µM
of sense and antisense transcript-specific primers, 10mM deoxynucleotides (dNTP), 10X PCR
buffer, 50mM MgCl2, 1 unit of AmpliTaq Gold® DNA Polymerase (P/N 4338857, Applied
Biosystems), and 0.25µl of cDNA template. PCR was initiated with a denaturation step at 95°
C (for 10 min) followed by 30 cycles at 95°C (for 30 s), 60°C for 30s (annealing), and 72°C
for 30s (polymerization). PCR amplification conditions were the same for these primer sets.
The PCR-amplified products (10 µL) were analyzed using standard 2% agarose electrophoresis
and visualized with ethidium bromide staining (0.5 µg/ml). Images were digitally acquired
using Bio-Rad ChemiDoc XRS. Product bands were identified according to DNA ladders (Fig.
1 B2).
4.4. Quantitative real-time PCR analysis of mGlu2 and mGlu3 expression—Realtime PCR reactions were carried out in a StepOne™ Real-Time PCR System using the SYBR
Green I chemistry and primers for mGlu2 and mGlu3 previously validated in end-point PCR
assays. All primer pairs were optimized to ensure the specific amplification of the PCR product
and the absence of any primer dimer. Because SYBR green I binds indiscriminately to doublestranded DNA, other nonspecific products may be detected along with the target gene. To
verify that only specific product was amplified, a melting point analysis was performed after
the final cycle (Fig 1A). Before running qrtPCR experiments, the efficiency of amplification
was determined for each primer set by using serial dilutions of input DNA (Fig. 1 B1). All
primer sets exhibited an efficiency >90% as required for the ΔΔCt relative quantification
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algorithm (Fig. 1 B1) (Pfaffl, 2006). Primers were also validated via end-point PCR analysis
using as template rat genomic DNA (DtRAN, normal brain, BioChain, Hayward, CA) and
calibrator cDNA (total RNA from control rat dentate gyrus), followed by gel electrophoresis
analysis. As shown in Fig. 1 B2, all primers resulted in a sharp single band around the estimated
product size. Bands of different intensities were observed after RT-PCR on initial same amount
of genomic DNA. After treatment with DNA intercalating agent ethidium bromide, intensity
of the fluorescent band under UV is proportional to the amount and size of amplicons in the
gel. Assuming that the total amount of the amplicons are almost the same under the same PCR
conditions (i.e. cycles and similar primer efficiencies), the larger amplicon as for mGlu2 (229
bp) will result in larger fluorescent signal when compared to smaller size amplicons mGlu3
(188bp) and GAPDH (104bp) (Fig. 1 B2). For qrtPCR analysis, each sample was run in
triplicates. Some of the reactions were repeated to evaluate variation between assays.
Replicates were omitted if Ct standard deviation was greater than 1.5. Each run included a notemplate control to test for contamination of assay reagents. Each standard PCR reaction
contains 0.33 µl of RT product as template, 0.1 µM of each primer, and SYBR Green Master
mix: 0.25×SYBR Green I, 0.2 mM dNTP mixture, 5 mM MgCl2, 1 U/reaction AmpliTaq Gold
DNA polymerase and 1×buffer. Following a 94°C denaturation for 10 min, the reactions were
cycled 40 times with a 94°C denaturation for 15s, and a 60°C annealing for 1 min. During the
initial optimization procedures, specific amplification was occasionally confirmed by
electrophoresis of PCR products on 2% Tris borate ethylenediamine tetraacetic acid (TBE)
agarose gel. Primers for mGlu2, mGlu3 and GAPDH were designed to be suitable for qrtPCR
as describe above. Three types of controls aimed at detecting genomic DNA contamination in
the RNA sample or during the RT or PCR reactions were always included: a RT mixture without
reverse transcriptase, a RT mixture including the enzyme but no RNA, and a PCR mixture with
no cDNA template were subjected to PCR.
The data was collected using OneStep Software and relative quantification was performed
using the comparative threshold (CT) method after determining the CT values for reference
(GAPDH) and target genes (mGlu2 or mGlu3) in each sample sets according to the 2−ΔΔCt
method (Pfaffl, 2006) as described by the manufacturer (Applied Biosystems; User Bulletin
2). Changes in mRNA expression level were calculated after normalization to GAPDH.
As calibrator sample we used cDNA from arbitrarily selected control rat. The program
calculates the ΔCts and the ΔΔCt with the formulas below:
ΔCt = Ct_Mean(GAPDH) - Ct_Mean(Target)
ΔΔCt = ΔCt - ΔCt_Mean
Gene expression level = 2−ΔΔCt
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Values of fold changes in the control sample versus the post-SE samples represent averages
from triplicate measurements. Changes in gene expression were reported as fold changes
relative to controls. Data were analyzed by ANOVA (followed by post-hoc analysis) or via
paired t-test to check for statistically significant differences among the groups (significance
P-value was set at < 0.05).
Evaluation of reference genes and data analysis: We assessed the stability of 4 different
commonly used housekeeping genes in a diverse set of 20 different samples (cDNA from
control and epileptic tissue obtained after different post-SE survival period). For this purpose,
we used TaqMan® Gene Expression Assays (Applied Biosystems) for: (1) ribosomal protein
L10 (Rpl10, Rn00821252_g1), (2) ribosomal protein L28 (Rpl28, Rn00821143_g1), (3)
Eukaryotic 18S rRNA (18S, Hs99999901_s1), and (4) GAPDH (Rn99999916_s1). Additional
information is provided in the Applied Biosystem’s website by searching by the assays ID
number. All TaqMan Assays, with the exception of those designated with the _H suffix in the
Brain Res. Author manuscript; available in PMC 2009 August 21.
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Assay ID, have a specificity of greater than 30,000 fold higher sensitivity for the Target
compared to the most homologous homolog in that species. Applied Biosystems publically
displays as much bioinformatics information as possible on their website. Actual primer and
probe sequences can be obtained from Applied Biosystems after a proper confidentiality
agreement. Same cDNA pool was used for qrtPCR analysis of each of the 4 genes using the
TaqMan validated assays. Real-time PCRs were performed in triplicate for each of the 20
cDNA samples along with a no template control in parallel for each gene. The amplification
curves for each gene were generated, grouped across all the tissue samples and cycle threshold
(CT) determined at the threshold fluorescence value of 0.2. We calculate the average CT and
the standard deviation of the CT values for each gene to measure the expression stability as
follows: GAPDH: 21.3 ± 0.65; Rpl10: 26.3 ± 2.1; Rpl28: 23.7 ± 2.2; and 18S: 11.7 ± 9.1.
Expression levels of these genes did not vary significantly in any of the control and epileptic
samples. GAPDH was selected as our internal housekeeping gene (most stable) because it
exhibited minimal variability (lowest standard deviation) across samples.
Statistical analysis of data: For means comparisons the statistical significance of the difference
was assessed using paired, non-paired Student's t-test or one-way ANOVA. Statistics and
graphs were prepared using the software package Statistica (Statsoft, Inc), SPSS and Sigmaplot
(Systat Software, Inc. San Jose, CA). The level of statistical significance was set as P<0.05.
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dNTP, deoxynucleotides
RQ, Relative quantification

This work was supported by grants from National Institute of Health as follows: P20MD001091, 1SC1GM081109-01,
R21NS056160 and MBRS-RISE grant #1R25GM06592501A1.

References
Aronica E, van Vliet EA, Mayboroda OA, Troost D, da Silva FH, Gorter JA. Upregulation of metabotropic
glutamate receptor subtype mGluR3 and mGluR5 in reactive astrocytes in a rat model of mesial
temporal lobe epilepsy. Eur J Neurosci 2000a;12:2333–2344. [PubMed: 10947812]
Aronica E, van Vliet EA, Mayboroda OA, Troost D, da Silva FH, Gorter JA. Upregulation of metabotropic
glutamate receptor subtype mGluR3 and mGluR5 in reactive astrocytes in a rat model of mesial
temporal lobe epilepsy. Eur J Neurosci 2000b;12:2333–2344. [PubMed: 10947812]
Aronica E, Gorter JA. Gene expression profile in temporal lobe epilepsy. Neuroscientist 2007;13:100–
108. [PubMed: 17404370]

Brain Res. Author manuscript; available in PMC 2009 August 21.

Ermolinsky et al.

Page 10

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Aronica EM, Gorter JA, Paupard MC, Grooms SY, Bennett MV, Zukin RS. Status epilepticus-induced
alterations in metabotropic glutamate receptor expression in young and adult rats. J Neurosci 1997a;
17:8588–8595. [PubMed: 9334430]
Aronica EM, Gorter JA, Paupard MC, Grooms SY, Bennett MV, Zukin RS. Status epilepticus-induced
alterations in metabotropic glutamate receptor expression in young and adult rats. J Neurosci 1997b;
17:8588–8595. [PubMed: 9334430]
Bruno V, Sureda FX, Storto M, Casabona G, Caruso A, Knopfel T, Kuhn R, Nicoletti F. The
neuroprotective activity of group-II metabotropic glutamate receptors requires new protein synthesis
and involves a glial-neuronal signaling. J Neurosci 1997;17:1891–1897. [PubMed: 9045718]
Cavalheiro EA. The pilocarpine model of epilepsy. Ital J Neurol Sci 1995;16:33–37. [PubMed: 7642349]
Danzer SC, McNamara JO. Localization of brain-derived neurotrophic factor to distinct terminals of
mossy fiber axons implies regulation of both excitation and feedforward inhibition of CA3 pyramidal
cells. J Neurosci 2004;24:11346–11355. [PubMed: 15601941]
Elliott RC, Lowenstein DH. Gene expression profiling of seizure disorders. Neurochem Res
2004;29:1083–1092. [PubMed: 15176465]
Fink K, Dooley DJ, Meder WP, Suman-Chauhan N, Duffy S, Clusmann H, Gothert M. Inhibition of
neuronal Ca(2+) influx by gabapentin and pregabalin in the human neocortex. Neuropharmacology
2002;42:229–236. [PubMed: 11804619]
Gorter JA, van Vliet EA, Aronica E, Breit T, Rauwerda H, Lopes da Silva FH, Wadman WJ. Potential
new antiepileptogenic targets indicated by microarray analysis in a rat model for temporal lobe
epilepsy. J Neurosci 2006;26:11083–11110. [PubMed: 17065450]
Hatazaki S, Bellver-Estelles C, Jimenez-Mateos EM, Meller R, Bonner C, Murphy N, Matsushima S,
Taki W, Prehn JH, Simon RP, Henshall DC. Microarray profile of seizure damage-refractory
hippocampal CA3 in a mouse model of epileptic preconditioning. Neuroscience 2007;150:467–477.
[PubMed: 17935890]
Hunsberger JG, Bennett AH, Selvanayagam E, Duman RS, Newton SS. Gene profiling the response to
kainic acid induced seizures. Brain Res Mol Brain Res 2005;141:95–112. [PubMed: 16165245]
Kamiya H, Shinozaki H, Yamamoto C. Activation of metabotropic glutamate receptor type 2/3 suppresses
transmission at rat hippocampal mossy fibre synapses. J Physiol 1996;493(Pt 2):447–455. [PubMed:
8782108]
Kew JN, Ducarre JM, Pflimlin MC, Mutel V, Kemp JA. Activity-dependent presynaptic autoinhibition
by group II metabotropic glutamate receptors at the perforant path inputs to the dentate gyrus and
CA1. Neuropharmacology 2001;40:20–27. [PubMed: 11077067]
Kilbride J, Rush AM, Rowan MJ, Anwyl R. Presynaptic group II mGluR inhibition of short-term
depression in the medial perforant path of the dentate gyrus in vitro. J Neurophysiol 2001;85:2509–
2515. [PubMed: 11387397]
Kwan P, Brodie MJ. Refractory epilepsy: mechanisms and solutions. Expert Rev Neurother 2006;6:397–
406. [PubMed: 16533143]
Lea, PMt; Wroblewska, B.; Sarvey, JM.; Neale, JH. beta-NAAG rescues LTP from blockade by NAAG
in rat dentate gyrus via the type 3 metabotropic glutamate receptor. J Neurophysiol 2001;85:1097–
1106. [PubMed: 11247980]
Lee TS, Mane S, Eid T, Zhao H, Lin A, Guan Z, Kim JH, Schweitzer J, King-Stevens D, Weber P, Spencer
SS, Spencer DD, de Lanerolle NC. Gene expression in temporal lobe epilepsy is consistent with
increased release of glutamate by astrocytes. Mol Med 2007;13:1–13. [PubMed: 17515952]
Lemos T, Cavalheiro EA. Suppression of pilocarpine-induced status epilepticus and the late development
of epilepsy in rats. Exp Brain Res 1995;102:423–428. [PubMed: 7737389]
Lemos T, Cavalheiro EA. Status epilepticus and the late development of spontaneous seizures in the
pilocarpine model of epilepsy. Epilepsy Res Suppl 1996;12:137–144. [PubMed: 9302512]
Liu Z, Mikati M, Holmes GL. Mesial temporal sclerosis: pathogenesis and significance. Pediatr Neurol
1995;12:5–16. [PubMed: 7748361]
Lukasiuk K, Kontula L, Pitkanen A. cDNA profiling of epileptogenesis in the rat brain. Eur J Neurosci
2003;17:271–279. [PubMed: 12542663]
Macdonald RL. Is there a mechanistic basis for rational polypharmacy? Epilepsy Res Suppl 1996;11:79–
93. [PubMed: 9294730]
Brain Res. Author manuscript; available in PMC 2009 August 21.

Ermolinsky et al.

Page 11

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Majores M, Schoch S, Lie A, Becker AJ. Molecular neuropathology of temporal lobe epilepsy:
complementary approaches in animal models and human disease tissue. Epilepsia 2007;48:4–12.
[PubMed: 17571348]
Manzoni OJ, Castillo PE, Nicoll RA. Pharmacology of metabotropic glutamate receptors at the mossy
fiber synapses of the guinea pig hippocampus. Neuropharmacology 1995;34:965–971. [PubMed:
8532177]
Mello LE, Cavalheiro EA, Tan AM, Kupfer WR, Pretorius JK, Babb TL, Finch DM. Circuit mechanisms
of seizures in the pilocarpine model of chronic epilepsy: cell loss and mossy fiber sprouting. Epilepsia
1993;34:985–995. [PubMed: 7694849]
Omori K, Inagaki C, Sasa M. Molecular mechanism underlying epileptic seizure: forwards development
of novel drugs for untreatable epilepsy. Nippon Yakurigaku Zasshi 1999;114:161–168. [PubMed:
10553579]
Pacheco Otalora LF, Couoh J, Shigamoto R, Zarei MM, Garrido Sanabria ER. Abnormal mGlu2/3
expression in the perforant path termination zones and mossy fibers of chronically epileptic rats.
Brain Res 2006;1098:170–185. [PubMed: 16793029]
Pacheco Otalora LF, Hernandez EF, Arshadmansab MF, Francisco S, Willis M, Ermolinsky B, Zarei M,
Knaus HG, Garrido-Sanabria ER. Down-regulation of BK channel expression in the pilocarpine
model of temporal lobe epilepsy. Brain Res. 2008
Petralia RS, Wang YX, Niedzielski AS, Wenthold RJ. The metabotropic glutamate receptors, mGlu2 and
mGluR3, show unique postsynaptic, presynaptic and glial localizations. Neuroscience 1996;71:949–
976. [PubMed: 8684625]
Pfaffl, MW. Relative Quantification. In: Dorak, T., editor. Real Time PCR (BIOS Advanced Methods).
Vol. Vol.. Taylor & Francis; 2006. p. 63-82.
Poschel B, Wroblewska B, Heinemann U, Manahan-Vaughan D. The metabotropic glutamate receptor
mGluR3 is critically required for hippocampal long-term depression and modulates long-term
potentiation in the dentate gyrus of freely moving rats. Cereb Cortex 2005;15:1414–1423. [PubMed:
15635057]
Racine RJ. Modification of seizure activity by electrical stimulation. II. Motor seizure.
Electroencephalogr Clin Neurophysiol 1972;32:281–294. [PubMed: 4110397]
Sambrook, J.; Russell, DW. Molecular cloning, a laboratory manual. Vol. Vol.. Cold Spring: Cold Spring
Harbor Laboratories Press; 2001.
Sanabria ER, Wozniak KM, Slusher BS, Keller A. GCP II (NAALADase) inhibition suppresses mossy
fiber-CA3 synaptic neurotransmission by a presynaptic mechanism. J Neurophysiol 2004;91:182–
193. [PubMed: 12917384]
Scanziani M, Salin PA, Vogt KE, Malenka RC, Nicoll RA. Use-dependent increases in glutamate
concentration activate presynaptic metabotropic glutamate receptors. Nature 1997;385:630–634.
[PubMed: 9024660]
Shigemoto R, Kinoshita A, Wada E, Nomura S, Ohishi H, Takada M, Flor PJ, Neki A, Abe T, Nakanishi
S, Mizuno N. Differential presynaptic localization of metabotropic glutamate receptor subtypes in
the rat hippocampus. J Neurosci 1997;17:7503–7522. [PubMed: 9295396]
Tamaru Y, Nomura S, Mizuno N, Shigemoto R. Distribution of metabotropic glutamate receptor mGluR3
in the mouse CNS: differential location relative to pre- and postsynaptic sites. Neuroscience
2001;106:481–503. [PubMed: 11591452]
Tang FR, Lee WL. Expression of the group II and III metabotropic glutamate receptors in the
hippocampus of patients with mesial temporal lobe epilepsy. J Neurocytol 2001;30:137–143.
[PubMed: 11577252]
Tang FR, Chia SC, Chen PM, Gao H, Lee WL, Yeo TS, Burgunder JM, Probst A, Sim MK, Ling EA.
Metabotropic glutamate receptor 2/3 in the hippocampus of patients with mesial temporal lobe
epilepsy, and of rats and mice after pilocarpine-induced status epilepticus. Epilepsy Res
2004;59:167–180. [PubMed: 15246118]
Toth K, Suares G, Lawrence JJ, Philips-Tansey E, McBain CJ. Differential mechanisms of transmission
at three types of mossy fiber synapse. J Neurosci 2000;20:8279–8289. [PubMed: 11069934]

Brain Res. Author manuscript; available in PMC 2009 August 21.

Ermolinsky et al.

Page 12

NIH-PA Author Manuscript

Turski WA, Cavalheiro EA, Bortolotto ZA, Mello LM, Schwarz M, Turski L. Seizures produced by
pilocarpine in mice: a behavioral, electroencephalographic and morphological analysis. Brain Res
1984;321:237–253. [PubMed: 6498517]
Wheeler G. Gabapentin. Pfizer. Curr Opin Investig Drugs 2002;3:470–477.
Yokoi M, Kobayashi K, Manabe T, Takahashi T, Sakaguchi I, Katsuura G, Shigemoto R, Ohishi H,
Nomura S, Nakamura K, Nakao K, Katsuki M, Nakanishi S. Impairment of hippocampal mossy fiber
LTD in mice lacking mGlu2. Science 1996;273:645–647. [PubMed: 8662555]

NIH-PA Author Manuscript
NIH-PA Author Manuscript
Brain Res. Author manuscript; available in PMC 2009 August 21.

Ermolinsky et al.

Page 13

NIH-PA Author Manuscript
NIH-PA Author Manuscript

Figure 1.

Validation of primers for qrtPCR and relative quantification (RQ) using the 2−ΔΔCt method.
A. Melting curves revealing a single product for each primer sets. B1. Calculated efficiency
(expressed as %) for each target was above 90%. B2. Primers were also validated via RT-PCR
and gel electrophoresis analysis using genomic rat DNA as template and cDNA template from
calibrator used in 2−ΔΔCt analysis. L=DNA ladder.
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Figure 2.

Graph representing relative changes in mGlu2 (black symbols) and mGlu3 (gray symbols) at
different time-points after pilocarpine-induced SE (relative to controls). A significant downregulation was detected 24h after SE in both genes. Expression of mGlu2 transcripts partially
recovered close to control values at 10 days and 1 month after SE, but then significantly
declined (down-regulation) during late phases of epileptogenesis (> 2 months). In contrast,
mGlu3 progressively recovered reaching values above control levels (but not significantly
different than controls). * P<0.01 and ** P<0.05 by post-hoc Dunnett’s test.
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Gene Symbol

Grm2

Grm3

Gapdh

Target Gene

mGlu2

mGlu3

GAPDH

NM_017008

NM_001105712

XM_343470

Accession Number

1711-1734
1790-1814

Anitsense: 5’-ACCCTGTTGCTGTAGCCATATTCAT-3’

3060-3081

Antisense: 5'- GAAGGGGCTGTTAATTAGGGCA -3'
Sense: 5’-TCCCATTCTTCCACCTTTGATGCT-3’

2894-2916

3211-3236

Antisense: 5'- AACCATCCTCTCTATCCCAGAGTAAC-3'
Sense: 5'-TAGGCTGTTAGACAAAGTGCTCA-3'

3008-3027

Sense: 5'-AGTCCTTAGCTGGGGAGCCT-3'

Primer Sequences

Bases

104 bp

188 bp

229 bp

Amplicon size
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Primers for PCR amplification of target (mGlu2 and mGlu3) and ‘Housekeeping’ (GAPDH) genes.
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1
1

mGlu2

mGlu3

0.36 ± 0.09

0.44 ± 0.08

24h

0.74 ± 0.08

0.79 ± 0.10

10 d

0.89 ± 0.03

1.10 ± 0.03

1 month

1.06 ± 0.23

0.59 ± 0.11

> 2 month

P<0.01, F=4.7

P<0.001, F=6.3

ANOVA

This table shows data for relative gene expression changes compared to control levels at different post-status epilepticus survival period. Data (RQ values) were normalized to control levels for statistical
comparisons. Values are shown as means ± SEM.

Control

Target

Post-Status Epilepticus Period
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Statistical analysis of gene expression changes relative to controls
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