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Abstract

Introduction: The “state of the art” regarding intracellular signaling pathways linked to mGluRs. Methods: This is a narrative review paper based
on the fact that G-protein coupled receptors play critical roles in the modulation of neuronal excitability. Meanwhile scaffold proteins are abundant
and essential components of the postsynaptic density (PSD). They play a major role in many synaptic functions including the trafficking, anchoring,
and clustering of glutamate receptors and adhesion molecules. Moreover, they link postsynaptic receptors with their downstream signaling proteins.
mGlu5 binds to NMDARs via scaffolding proteins, both postsynaptic density protein 95 (PSD-95) and Homer protein, leading to phosphorylation of
NMDARSs. The net result is potentiation of NMDAR currents. Results: As relevant facts we pointed out three challenging data:

¢ Reduction in GAIP interacting protein C-terminus 1 (GIPC1) expression in both TLE patients and in mice with KA-induced epilepsy. Moreover,
GIPC1 colocalized with mGluR7 and its overexpression counteracted epileptogenesis through mGluR7 upregulation.

¢ Up- regulation of postsynaptic Homer 1a could protect against neuronal injury by reducing the level of phosphorylated extracellular signal
regulated kinase ERK and then disrupting drug target in order to control seizures and prevent epileptogenesis.

e Inkindled rats the overexpression of neuropeptide Y (NPY) acts as a protective factor. Neuropeptide Y has been identified as being synthesized
in GABAergic neurons and to act as a neurotransmitter during cellular communication and is expressed in interneurons. Conclusion: We found
out three interesting points in order to design new antiepileptic drug-developments, each alone or in potencial sinergistic association. The
down-stream proteins of mGluRs such as those in ERK/MAPK, mTOR, PLC, PKC and CaM pathways may be also promising therapeutic targets.

Keywords: epileptogénesis, glutamate receptors, intracellular signaling pathways.

Introduction e The implications of G proteins

This section, part I, is a brief review on glutamate metabotropic . RGS proteins

receptors studies e And scaffold proteins
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. In the excitatory impulses within the neurons through
intracelular signaling pathways

. Challenging future directions in order to counteract these
impulses preventing epileptic attacks.

Glutamate Metabotropic Receptors

Group I mGluR subtypes (mGluR1 and mGIuR5) are primarily
expressed postsynaptically but exist also in presynaptic terminals
of GABA and glutamatergic neurons [1,3]

Group I GluRs regulate neuronal excitability through modulation
of ionotropic glutamate receptors activity at postsynaptic density
(PSD). Activation of mGluR1 by a specific agonist can maintain
and prolong interictal discharge. [4] Overactivation can lead to
epileptogenesis. Group I promote the activity of PLC (phospholipase
C) increasing the intracellular concentrations of diacylglicerol and
inositoltriphosphate [5], leading to intracellular Ca2+accumulation.
mGluR1 can also be activated by increases in intracellular calcium
and depolarization of hippocampal CA1 pyramidal cells, which are
involved in inducing long-term potentiation (LTP) and long-term
depression (LTD), a long-lasting synaptic plasticity, at multiple
glutamatergic synapses [6].

It also amplifies ionotropic signals by inhibition of TASK and
TREK K+ channels. [7] Additionally, protein-protein interaction is
an important coupling mechanism for the action and regulation of
metabotropic receptors. mGlu5 binds to NMDARs via scaffolding
proteins, both postsynaptic density protein 95 (PSD-95) and Homer
protein, leading to phosphorylation of NMDARs. The net result is
potentiation of NMDAR currents. [8] Group I mGluRs, both of the
mGluR1 and mGIuRS5 subtypes, co-localize with NMDA receptors on
noradrenergic terminals of rat hippocampus and human neocortex.
[9] By binding to their protein-protein interaction, mGluRs interact
with enzymes, ion channels and other proteins to assemble in
diverse signal complexes. Signal complexes include kinases,
phosphatases, calmodulin, calcineurin inhibitor and norbin [10].

Metabotropic glutamate receptors (mGluRs) can dimerize and
bind to a variety of proteins in addition to trimeric G-proteins.
These newly identified protein interactions lead to the discovery
of new regulatory mechanisms that are independent of, and
sometimes synergistic with, the classical G-protein-coupled second
messenger pathways. Notably, several of these mechanisms connect
mGluR-mediated signaling to other receptor classes, thereby
creating a network of different receptor types and associated
signal cascades. The intracellular C-termini of mGluRs play a key
role in the regulation of these networks. [11] The authors suppose
that suppression of mGluR1 may be a novel way to counteract
epileptogenesis.

Several studies corroborated that Group II and Group III
mGluRs are located at glutamatergic neurons in presynaptic ends
and reduce glutamate release. 2 which makes them potential
targets for antiseizure drug development. Activation of group II /
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[T receptors reduces the concentration of cAMP by inhibiting AC
(adenyl ciclase). Theses receptors are linked to a G-protein (Gi)
which in turn decrease presynaptic Ca2+ concentration therefore
limiting the release of glutamate. [12, 13] Chinese authors detected
a reduction in GAIP interacting protein C-terminus 1 (GIPC1)
expression in both TLE patients and in mice with KA-induced
epilepsy. They further showed that GIPC1 co-localized with mGluR7
and its overexpression counteracted epileptogenesis through
mGluR7 upregulation [14].

G Proteins

G proteins, also known as guanine nucleotide-binding proteins,
are a family of proteins that act as molecular switches inside cells,
and are involved in transmitting signals from a variety of stimuli
from outside into the cell. Their activity is regulated by factors that
control their ability to bind and hydrolyze guanosine triphosphate
(GTP) to guanosine diphosphate (GDP). When they are bound to
GTP, they are activated, and when they are bound to GDP, they are
turned off. G proteins are in fact GTPases.

There are two classes of G proteins. The first function as
monomeric small GTPases (RAS superfamily) freely distributed
in cytoplasm or nucleoplasm, while the second (large G proteins)
function as heterotrimeric G protein complexes anchored to the
cell membrane. The latter class of complexes are made up of alpha
(), beta (B), and gamma (y) subunits. [15] The beta and gamma
subunits can form a stable dimeric complex referred to as the beta-
gamma complex. [16] Heterotrimeric G proteins located within the
cell are activated by G protein-coupled receptors (GPCRs) spanning
the cell membrane. Signaling molecules bind to a domain of the
GPCR located outside the cell, and an intracellular GPCR domain
then in turn activates a particular G protein.

GPCRs and G proteins transmit signals from hormones,
neurotransmitters, and other factors. G proteins regulate metabolic
enzymes, ion channels, transporter proteins, and other parts of the
cell machinery, controlling transcription, motility, contractility, and
secretion, which in turn regulate diverse systemic functions such as
embryonic development, learning and memory, and homeostasis.
[17] When a ligand activates the GPCR, it induces a conformational
change in the receptor that allows it to function as a guanine
nucleotide exchange factor (GEF), exchanging GDP for GTP. The GTP
is bound to the Ga subunit. This exchange triggers the dissociation
of the Ga subunit bound to GTP from the Gfy dimer. Once this
occurs, Ga-GTP and Gy can activate different second messenger
pathways and effector proteins, allowing the receptor to activate
the next G protein [18].

Gaq/11 stimulates the membrane-bound phospholipase C
(PLC), which then cleaves into two second messengers: IP3 and
diacylglycerol (DAG). The Inositol Phospholipid Dependent Pathway
(PKC) is a signal transduction pathway for many downstream
targets (Figure 1 and 2).
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Figure 1: Transmembrane signalling systems. Phosphoinositide cycle. Pl: phosphatidyl inositol. PIP: phosphatidy! inositol 4P. PIP2:
phosphatidyl inositol 4-5 diP. DAG: 1-2 diacylglycerol. PA: phosphatidic acid. PKC: proteinkinase C. CDP-DAG: citidine diphosphate-diacyl-
glycerol. IP3: D-myo-inositol 1-4-5 triP. IP2: D-myo-inositol 1-4 diP. IP1: D-myo-inositol 1P. IP: D-myo-inositol. Adenylate cycle. ATP: adenosine
triphosphate. cAMP: cyclic adenosine monophosphate. PKA: protein kinase A [5].
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Gas activates the cAMP-dependent pathway by stimulating the
production of cyclic AMP (cAMP) from ATP. This is accomplished
by direct stimulation of the membrane-associated enzyme
adenylate cyclase. cAMP can then act as a second messenger that
then interacts with, and activates protein kinase A (PKA). PKA can
phosphorylate a myriad downstream targets (Figure 1). Gq, Go and
Gs are stimulatory receptors whereas Gi is inhibitory. Gq and go
activate the phospholipase C (PLC) and, subsequently, the protein
kinase C (PKC) pathways. Gs activates the cAMP. Gi, on the other
hand, inhibits several cellular signaling cascades.

GPCRs is the largest family of integral membrane proteins
first identified as receptor proteins that couple via heterotrimeric
G-proteins to regulate a vast variety of effector proteins modulating
cellular functions. They interact with a myriad of proteins that not
only function to improve or attenuate their signalling but also to
couple these receptors to heterotrimeric G-protein-independent
signalling pathways. In addition, intracellular and transmembrane
proteins associated with GPCRs regulate their processing
in the endoplasmic reticulum, trafficking to the cell surface,
compartmentalization to plasma membrane microdomains,
endocytosis and trafficking between intracellular membrane
compartments.

G protein-coupled receptors (GPCRs) play key roles in
intercellular signaling in the brain. Their effects on cellular
function have been largely studied in neurons, but their functional
consequences on astrocytes are less known. Durkee et al. found that
while GqGPCR activation led to cellular activation in both neurons
and astrocytes, Gi/oGPCR activation led to cellular inhibition in
neurons and cellular activation in astrocytes. Astroglial activation
by either Gq or Gi/o protein-mediated signaling stimulated
gliotransmitter release, which increased neuronal excitability [19].
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In order to evaluate the involvement of the stimulatory
G-protein (Gs)-related transduction system in the basic mechanisms
of epilepsy, Iwasa et al. [20, 21] examined the expression levels of
Gsa mRNA and specific GTP-binding ability in the hippocampus of
amygdaloid-kindled rats at various seizure stages. Northern blot
analysis showed a significant increase in the Gsa mRNA expression
level in the bilateral hippocampus at 24 h after the last generalized
seizure. The [3H]-GTP-binding assay with isoproterenol (IPN), a
B-receptor agonist, revealed a remarkable increase of Bmax values
in the sham-operated control and partially kindled groups. However,
the IPN-induced increase of Bmax values was abolished on both
sides of the hippocampus at 24 h after and at 4 weeks after the last
generalized seizure in fully kindled rats. This data suggests that
alteration in the Gs function and (3-adrenergic receptor-Gs coupling
might be implicated in the neurobiological basis of the induction
mechanisms of the generalization of seizures and the mechanisms
of the maintenance of enduring epileptogenesis. Conversely, the
Gs-related transduction system might have a lesser impact on
the acquisition process of epileptogenesis. Authors suggest that a
functional imbalance among various types of GTP binding proteins
(Gs, Gi or Go) might be related to the acquisition of epileptogenesis
in the kindling model of epilepsy [20].

In PTZ rats, both brain regions, hippocampus and neocortex
displayed a marked increase in [35S] GTPyS incorporation
stimulated by ACh, bethanechol and particularly oxotremorine.
A generalized seizure in immature rats can entail a long-term
and presumably permanent increase in the efficacy of G-protein
coupling to muscarinic receptors in the hippocampus and neocortex
when adult. By analogy, such a mechanism could account for the
susceptibility to epilepsy of human adults having suffered from
prolonged seizures in early life [22].
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Although scaffold proteins are not strictly defined in their
function, they are known to interact and/or bind with multiple
members of a signalling pathway, linking them into complexes.
In such pathways, they regulate signal transduction and help
localize pathway components to specific areas of the cell such
as the plasma membrane, cytoplasm, nucleus, Golgi apparatus,
endosomes, and mitochondria. Scaffold proteins regulate signal
trasduction cascades, by changing their molecular composition in
the complexes.

Scaffold proteins act in at least four ways:
. Binding signaling components,
. Localizing these components to specific areas of the cell,

. Regulating signal transduction by coordinating positive
and negative feedback signals, and

. Insulating correct signaling proteins from competing
proteins. (34) In more detail:

Scaffold proteins cluster signaling components of a cascade
into complexes. This assembly may be able to enhance signaling
specificity by preventing unnecessary interactions between
signaling proteins, and enhance signaling efficiency by increasing
the proximity and effective concentration of components in the
scaffold complex. A common example of how scaffold proteins
enhance specificity is a scaffold that binds a protein kinase and its
substrate, thereby ensuring specific kinase phosphorylation.

Scaffold proteins localize the signaling reaction to a specific
area in the cell, a process that could be important for the local
production of signaling intermediates. A particular example of this
process is the scaffold A-kinase anchor proteins (AKAPs), which
guide cyclic AMP-dependent protein kinase (PKA) to various sites
in the cell. [35] This localization is able to locally regulate PKA and
results in the local phosphorylation by PKA of its substrates.

Many hypotheses about how scaffold proteins coordinate
positive and negative feedback come from engineered scaffolds
into mathematical modeling. In three-kinase signaling cascades,
scaffolds bind all three kinases, enhancing kinase specificity and
restricting signal amplification by limiting kinase phosphorylation
to only one downstream target. These abilities may be related to
the stability of the interaction between the scaffold and the kinases,
the basal phosphatase activity in the cell, scaffold location, and
expression levels of the signaling components [36,37].

Signaling pathways are often inactivated by enzymes that
reverse the activation state and/or induce the degradation
of signaling components. Scaffolds have been proposed to
protect activated signaling molecules from inactivation and/
or degradation. Mathematical modeling has shown that kinases
in a cascade without scaffolds have a higher probability of being
dephosphorylated by phosphatases before they are even able to
phosphorylate downstream target. [37] Furthermore, scaffolds
have been shown to insulate kinases from substrate- and ATP-
competitive inhibitors [38].
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One example of a scaffold protein that modulates calcium
signaling are the proteins of the Homer family. Homer proteins
has been shown to positively regulate calcium signaling in neurons
by linking the glutamate receptor with triphosphate receptors in
the endoplasmic reticulum. [39] Downregulation of Homerlb/c
could attenuate group I mGIluR dependent Ca2+ signaling through
the regulation of Ca2+ release in the endoplasmic reticulum
thus protecting neurons from glutamate excitotoxicity after
injury. [40] Upregulation of postsynaptic Homer 1a could protect
against neuronal injury by reducing the level of phosphorylated
extracellular signal regulated kinase ERK and then disrupting
mGluR-ERK signaling. Homer 1a may be a promising therapeutic
drug target in order to control seizures and prevent epileptogenesis
(Figure 2) [10].

Homer 1 protein has an N-terminal EVH1 domain involved in
protein interaction, and a C-terminal winded-coil domain involved
in self-association. It consists of two major splice variants, short
(1a) and long (1b, 1c) form. Homer 1a has only EVH1 monomeric
domain while Homer 1b and c¢ have both EVH1 and winded-
coil domains and are tetrameric. The winded-coil can be further
separated into N-terminal half and C-terminal half [36]. The
N-terminal half of the winded-coil domain is predicted to be a
parallel dimer while the C-terminal half is a hybrid of dimeric
and antiparallel tetrameric winded-coil. As a whole, long Homer
is predicted to have a dumbbell-like structure where two pairs of
EVH1 domains are located on two sides of long (50nm) winded-coil
domain.

Homer-1a/Ves11S is expressed during seizures and reduce
seizure susceptibility. Cellular mechanisms for this feedback
regulation were studied in neocortical pyramidal cells injecting
Homer 1a protein intracellularly. The injection reduced membrane
excitability. Resting potential was hyperpolarized by 5-10mV and
mean frequency of spikes evoked by depolarizing currents injection
was decreased [41].

Kindling by repeated electrical stimulation of the amygdala
resulted in the differential expression of 264 genes in the
hippocampus compared to controls. The most strongly induced
gene was Homer 1A, an immediate early gene involved in the
modulation of glutamate receptor function. The overexpression of
Homer 1A in the hippocampus of kindled rats was confirmed by
RT-PCR. Immunohistochemical characterization of mice showed
a marked Homer 1A overexpression in glutamatergic neurons
of the hippocampus. Kindling of Homer 1A overexpressing mice
resulted in a retardation of seizure generalization compared
to wild-type controls. These data demonstrate that kindling-
induced epileptogenesis leads to a striking overexpression of
Homer 1A in the hippocampus, which may represent an intrinsic
antiepileptogenic and anticonvulsant mechanism, that counteracts
progression of the disease [42].

Avedissian et al. investigated differentially expressed genes by
comparison of mRNAs from normal and epileptic rat hippocampus
in the pilocarpine model of epilepsy. Using an Expressed Sequence
Tags (EST) methodology, ORESTES epilepsy database revealed
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diverse protein family domains, such as cytoskeletal, cell signaling
and PK kinase, which could be involved in processes underlying
epileptogenesis. They showed that the expression of Homer 1a,
known to be coupled to mGluR and NMDA synaptic transmission, is
associated with pilocarpine induced status epilepticus [43].

Inversely, overexpression of Homerlb/c induced the
overexpression of mGluR1 and mGluR5, which showed an increase

in neuronal excitability [44].

Scaffold proteins are abundant and essential components of the
postsynaptic density (PSD). They play a major role in many synaptic
functions including the trafficking, anchoring, and clustering of
glutamate receptors and adhesion molecules. Moreover, they link
postsynaptic receptors with their downstream signaling proteins
and regulate the dynamics of cytoskeletal structures. By definition,
PSD scaffold proteins do not have intrinsic enzymatic activities but
are formed by modular and specific domains deputed to form large
protein networks [45].

The postsynaptic density (PSD) protein complex has long been
a major target of proteomics in neuroscience. As the number of
glutamate receptors on a synapse is one of the main determinants of
synaptic efficacy, determining the absolute numbers of receptors in
the PSD is necessary for estimating the amplitude of the excitatory
postsynaptic current (EPSC) in individual synapses. Moreover,
as the receptor molecules are embedded in a macromolecular
complex within the PSD, stoichiometry between the receptors and
other PSD proteins could help explain the functional and regional
specialization of the synapses and their possible roles in synaptic
functions [46].

Future Directions

Signal transduction is the starting point of the effector
component of the signaling pathway. In this process, the signal,
by interacting with the receptor, starts a series of molecular
events within the cell leading to the final effect of the signaling
process. Second messenger systems can amplify or modulate a
signal, in which activation of a few receptors results in multiple
secondary messengers being activated, thereby amplifying the
initial signal (the first messenger). The downstream effects of these
signaling pathways may include additional enzymatic activities
such as proteolytic cleavage, phosphorylation, methylation, and/
or ubiquitination. Signaling molecules can be synthesized from
various biosynthetic pathways and released through passive or
active transports. Different receptor systems may share common
signal transduction pathways with interacting proteins.

The multistep process of the transduction stage is often
composed of the activation of proteins by addition or removal of
phosphate groups or even the release of other small molecules or
ions that can act as messengers.

Cystic fibrosis transmembrane conductance regulator-
associated ligand (CAL) through binding to adaptors proteins
profoundly inhibits the ubiquitination of mGluR5a and enhances

receptor expression at the protein level but not at the mRNA
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level. These findings reveal that mGluR5a protein expression is
physiologically regulated via its interaction with CAL. These results
also suggest a molecular mechanism by which mGluR5a protein
expression may be regulated at the post-translational level by
the CAL protein, possibly by blocking ubiquitination-dependent
receptor degradation. [47] The key difference between adaptor and
scaffold protein is that the adaptor proteins usually small proteins
that binds only to two proteins involved in the signalling pathway,
while scaffold proteins are large proteins that binds to a number of
different proteins involved in the signalling pathway.

For example, the ligand epidermal growth factor (EGF)
binds to the receptor (called EGFR). This activates the receptors
phosphorylation. [48] The phosphorylated receptor binds to
an adaptor protein (GRB2), which couples the signal to further
downstream signaling processes. Many cellular proteins are
activated downstream of the growth factor receptors (such as
EGFR) that initiate this signal transduction pathway.

A more complex signal transduction pathway is the MAPK/ERK
pathway, which involves changes of protein-protein interactions
inside the cell, induced by an external signal. Several of these
receptors are kinases that start their phosphorylation and of
other proteins when binding to a ligand. This phosphorylation
can generate a binding site for a different protein and thus induce
protein-proteininteraction. One of the signal transduction pathways
that is activated is called the mitogen-activated protein kinase
(MAPK) pathway. The signal transduction component labeled as
“MAPK” in the pathway was originally called “ERK,” so the pathway
is called the MAPK/ERK pathway. The MAPK protein is an enzyme,
a protein kinase that can attach phosphate to target proteins such
as the transcription factor MYC and thus, alter gene transcription
(Figure 2), and ultimately, cell cycle progression. Finally, the end
of a signal pathway leads to the regulation of cellular activity. This
response can take place in the nucleus or in the cytoplasm of the
cell. A majority of signaling pathways control protein synthesis
by turning certain genes on and off in the nucleus. The signal
that starts the MAPK/ERK pathway is the binding of extracellular
mitogen to a cell surface receptor. This allows a Ras protein (a Small
GTPase) to swap a GDP molecule for a GTP molecule, flipping the
“on/off switch” of the pathway. The Ras protein can then activate
MAP3K (e.g., Raf), which activates MAP2K, which activates MAPK.
Finally, MAPK can activate a transcription factor, such as Myc.
MAPK regulates the activities of several transcription factors.
MAPK can phosphorylate C-myc (Figure 2). MAPK phosphorylates
and activates MNK, which, in turn, phosphorylates CREB. MAPK
also regulates the transcription of the C-Fos gene. By altering the
level and activity of transcription factors, MAPK leads to altered
transcription of genes that are important for the cell cycle. Merlo et
al. studied the activation state of ERK1/2 in rat hippocampal slices
during application of the K+ channel blocker 4-aminopyridine
(4AP, 50 pm), a procedure that enhances synaptic transmission
and leads to the appearance of epileptiform activity. Hippocampal
slices superfused with 4AP-containing medium exhibited a marked
activation of ERK1/2 phosphorylation that peaked within about 20
min. Application of the ERK pathway inhibitors U0126 (50 pm) or
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PD98059 (100 pm) markedly reduced 4AP-induced epileptiform
synchronization, abolishing ictal discharges in the CA3 area.
The data demonstrate that activation of ERK1/2 accompanies
the appearance of epileptiform activity induced by 4AP and
suggest a cause-effect relationship between the ERK pathway and
epileptiform synchronization [49].

A rational strategy for preventing epilepsy is to target primary
signaling pathways that initially trigger the numerous downstream
mechanisms mediating epileptogenesis. The mammalian target
of rapamycin (mTOR) pathway is a candidate, because mTOR
regulates multiple cellular functions that may contribute to
epileptogenesis, including protein synthesis, cell growth and
proliferation, and synaptic plasticity. The importance of the mTOR
pathway in epileptogenesis is best illustrated by tuberous sclerosis
complex (TSC), one of the most common genetic causes of epilepsy.
In mouse models of TSC, mTOR inhibitors prevent the development
of epilepsy and underlying brain abnormalities associated with
epileptogenesis. Accumulating evidence suggests that mTOR also
participates in epileptogenesis due to a variety of other causes,
including focal cortical dysplasia and acquired brain injuries, such
as in animal models following status epilepticus or traumatic brain
injury. mTOR inhibition may represent a potential antiepileptogenic
therapy for diverse types of epilepsy, including both genetic and
acquired epilepsies. [50] Recent studies in animal models have
suggested that the mammalian target of rapamycin (mTOR)
signaling pathway is involved in several features of mesio-temporal
lobe epilepsy (MTLE), and that its inhibition could have therapeutic
interests. However, controversies remain whether mTOR activation
is cause or consequence of MTLE. Shima et al by intrahippocampally
injections with kainate (1 nmol), found a biphasic increase of
phospho-S6 (p-S6) ribosomal protein expression, the downstream
product of the mTOR signaling pathway, in the dispersed granule
cell layer (GCL) of the dentate gyrus with a second phase lasting
up to 6 months. Chronic treatment with rapamycin suppressed
p-S6 expression, granule cell dispersion and mossy fiber sprouting,
but did not reduce cell loss, BDNF overexpression, glutamic
acid decarboxylase (GAD)67 expression or the development of
hippocampal paroxysmal discharges. [51] This data suggests
that activation of the mTOR signaling pathway results from the
increased neuronal excitation that develops in the GCL and may
contribute to MTLE morphological changes. However, the data does
not support the role of this pathway in the development of MTLE or
its inhibition as a therapy for this form of epilepsy.

Cultured astrocytes exposed to oxygen and glucose deprivation
(OGD) for 6 h presented significant reductions in the Glutamate-
Aspartate Transporter (GLAST) expression and extracellular
glutamate clearance. These reductions were effectively restored by
mGluR2/3 activation with mGluR2/3 agonists, LY379268 or DCG-
1V, after the 6 h OGD insult. These mGluR2 /3-mediated restorative
effects were inhibited by selective mGluR2 /3 antagonists LY341459
or EGLU. The mGluR2/3 activation also induced activations
of signaling pathways including extracellular signal-regulated
kinase (ERK), phosphatidylinositol 3-kinase (PI3K) and nuclear
transcription factor-kB (NFxB). These activations were prevented
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by blocking mGluR2/3 with LY341459, an mGluR2/3 antagonist.
Furthermore, blocking ERK, PI3K and NFxB signaling pathways with
U0126, LY294002 and pyrrolidine dithiocarbamate, respectively,
significantly inhibited the mGluR2/3-mediated restorative effects.
These results suggest that application of mGluR2/3 agonists after
0OGD insults can effectively reverse the OGD-reduced expression of
GLAST proteins and restore clearance of extracellular glutamate by
serially activating ERK/PI3K/NFkB signaling pathways in cultured
astrocytes [52].

Transient inhibition of TrkB-PLCy1 signaling initiated after an
isolated seizure limited progression of epileptogenesis, evidenced
by the reduced severity and duration of subsequent seizures and
reverted a subset of animals to an earlier state of epileptogenesis.
Remarkably, inhibition of TrkB-PLCy1 signaling in the absence of
a recent seizure did not reduce severity of subsequent seizures.
These results suggest a novel strategy for limiting progression
or potentially ameliorating severity of TLE whereby transient
inhibition of TrkB-PLCy1 signaling is initiated following a seizure
[53].

In the hippocampus, group I mGluR elicited epileptiform
discharges through PLCB1 signaling. [54] Cuellar etal. [55] indicated
that “I-cysteine sulfinic acid (CSA), an agonist of phospholipase
D (PLD)-coupled mGluRs, mediated its effect by PLD-driven
activation of protein kinase C (PKC), which may desensitize PLC-
linked group I mGluRs and thereby prevent group I mGluR-induced
epileptogenesis. Previous studies indicated that PKCB1, PKC(2, and
PKCy mightbe involved in mGluR1a-related excitoneurotoxicity and
epileptogenesis, (56) and mGluR5-PLC34-PKCB2/PKCy pathway
were involved in excitotoxicity against hippocampal CA1 pyramidal
neurons leading to the loss of these neurons. [57] In vitro studtes
also indicated that PKC induced prolongation of epileptiform bursts
was dependent on changes specific to mGluR5 and not mediated
simply by a generalized increase in transmitter release. [58] In
pilocarpine model, mGIuR5 may regulates the PKC( activation in
the hippocampal interneurons in epilepsy [59].

Increased PKCe may support the “epsilon theory” of
epileptogenesis. [60] Alteration of the expression of cyclicAMP
dependent protein kinase (cPKA) subtypes cPKAB and cPKAy in
mouse hippocampus [60] suggests that hippocampal PKC and
cPKA isoforms play different roles in neuronal hyperexcitability
and epileptogenesis, and may be targets for development of

anticonvulsive and antiepileptogenic drugs [61].

Brain-derived neurotrophic factor BDNF applied during the
first week of hippocampal stimulation significantly delayed the
progression of kindling, an effect that outlasted the end of the
infusion by at least 7 days. Conversely, infusion of BDNF antisense
oligodeoxynucleotides to reduce the expression of endogenous
BDNF in the hippocampus aggravated the electroencephalographic
expression of seizures. Chronic infusion of BDNF increased the
expression of NPY in the hippocampus, with a time course similar
to that of the protective effect of the neurotrophin on kindling.
Finally, chronic infusion of NPY in the hippocampus delayed the
progression of hippocampal kindling, whereas anti-NPY antibodies
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had an aggravating effect. These results suggest that the seizure-
induced increase in BDNF expression in the hippocampus may
constitute an endogenous protective mechanism able to counteract
hippocampal epileptogenesis. This protective effect appears to be
mediated at least in part through the regulation of NPY expression
[62].

Accumulated datasuggestthatagonistsorantagonistsofmGluRs,
especially group I mGluR antagonists are promising candidate
drugs to control seizures and subsequent neurodegeneration, i.e., to
prevent epileptogenesis. The interacting or down-stream proteins

of mGluRs such as Homers, PKCs and CaM may be more promising
therapeutic targets due to the fact that these proteins are shared by
different neurotransmitter receptor signal transduction pathways,
i.e, serve as common signal transduction molecules. For instance,
inhibition of PKC may not only reduce mGluR5- related neuronal
hyperactivity, but also induce GABAA receptor hypersensitivity.
Therefore, PKC inhibitor may be more effective in controlling
epileptogenesis than single mGIluR5 antagonist or GABAA receptor
agonist. However, because of there being so many PKC isoforms,
activation of each one of them may produce different effects (10).
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Figure 2: Intracellular signaling pathways in regard to epileptogenesis and potential targets in order to develop new antiepileptic drugs.
mGIuRs in yellow or red according excitatory or inhibitory actions and different potential targets in order to develop new antiepileptic drugs
colored in green rectangles. 1) Proteins GAIP-GIPC1 are involved in mGIuR 7 upregulation. 2) Scaffold protein Homer 1a uncouples mGIuR
1 and 5 receptors. 3) Neuropeptide Y, as an inhibitor of epileptogenesis.
ERK and/or PKC.AC: Adenyl cyclase. Akt: Protein kinase B. AMP: Adenosine monophosphate. cAMP: Cyclic adenosine monophosphate.
CaM: Calmodulin. CAMK2: Calcium-calmodulin dependent protein kinase 2. DAG: Diacyl glycerol. EAATs: Excitatory Amino Acid Transporters.
ERK 1/2: Extracellular signal-regulated kinase 1/2. GAIP: Gi alpha subunit/ interacting protein. GIPC1: GAIP Interacting Protein C-terminus.
Gqa11: Gq alpha subunit interacting protein. Glu: Glutamate. IP3: D-myo-inositol 1-4-5 triP. MAPK or MEK: Mitogen-activated protein kinases.
mGIuR Groups 1/5 y II-lll: Metabotropic Glutamate Receptors. NPY: Neuropeptide Y. PI3K: Phosphoinositide 3-kinase. PIKE: Pl 3-kinase
enhancer. PIP2: Phosphatidyl inositol 4-5 diP. PKC: Protein kinase C. PLA2: Phospholipase A2. PLC: Phospholipase C. PLD: Phospholipase
D. RAS: Small GTP-ases. Y1, Y2, Y4, Y5: NPY receptors (Modified from Huang L. et al.) [1].

o]

and 4) Inhibitors of some intracellular signaling pathways like MAPK/

Conclusion

This review allows us to signal various possible targets in order
to block epileptogenesis: 1) agonists of Group II-IIl mGluRs, for
example GAIP interacting protein C-terminus 1 (GIPC1) colocalized
with mGluR7 and its overexpression counteract epileptogenesis
through mGluR7 upregulation. GIPC was originally identified
binding specifically to the C terminus of RGS-GAIP, a protein
involved in the regulation of G protein signaling. 2) Homer 1A
in hippocampus seems to be an intrinsic antiepileptogenic and
anticonvulsant mechanism in the course of epileptogenesis in
kindled rats which counteracts the progression of the disease.
The short form of Homer 1 uncouples mGluR 1 and 5 signaling as
a part of a mechanism of homeostatic plasticity that dampens the
neuronal responsiveness when input activity is too high. 3) also,
in kindled rats the overexpression of neuropeptide Y (NPY) acts
as a protective factor. Neuropeptide Y has been identified as being
synthesized in GABAergic neurons and to act as a neurotransmitter
during cellular communication and is expressed in interneurons.
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The receptor protein that NPY operates on is a G protein-coupled
receptor and can act pre- or post-synaptically. 4) by inhibiting
intracellular transduction signaling pathways like ERK, mTOR,
PLC, PKC and or CaM, in order to prevent the epileptogenic effect
of Group I mGluRs. It will probably be necessary to test a novel
combination of drugs to add different strategies.
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