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Abstract

Epilepsy is a heterogeneous family of neurological disorders that manifest as seizures, i.e. the
hypersynchronous activity of large population of neurons. About 30% of epileptic patients do not
respond to currently available antiepileptic drugs. Decades of intense research have elucidated the
involvement of a number of possible signaling pathways, however, at present we do not have a
fundamental understanding of epileptogenesis. In this paper, we review the literature on epilepsy
under a wide-angle perspective, a mandatory choice that responds to the recurrent and unanswered
question about what is epiphenomenal and what is causal to the disease. While focusing on the
involvement of K* and glutamate/GABA in determining neuronal hyperexcitability, emphasis is
given to astrocytic contribution to epileptogenesis, and especially to loss-of-function of astrocytic
glutamine synthetase following reactive astrogliosis, a hallmark of epileptic syndromes. We finally
introduce the potential involvement of abnormal glycogen synthesis induced by excess glutamate
in increasing susceptibility to seizures.
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1. Introduction

Epilepsy is a group of chronic brain disorders whose clinical manifestation are seizures,
which are characterized by recurrence and unpredictability and can range from clinically
undetectable episodes to protracted and repeated convulsions. Today, the only available
pharmacological treatment strategy aims at seizure control, which is however not effective
for about 30% of epileptic patients (Binder and Steinhauser, 2009). Current literature

identifies the origin of seizures in neuronal hyperexcitability and resulting hypersynchronous
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neuronal activity (Fisher et al., 2005). Yet, the etiology is largely unknown for many
epilepsies and only few can be satisfactorily described as having a specified genetic,
structural or metabolic cause (Korff and Scheffer, 2013). The high percentage of
pharmacoresistance has not changed substantially over decades despite the increasing
availability of antiepileptic drugs. The lack of knowledge on both epileptogenesis (i.e., the
onset of epilepsy) and ictogenesis (i.e., the occurrence of seizures) makes the description of
pharmacoresistant epilepsy a puzzle (Pohlmann-Eden and Weaver, 2013). Perhaps the most
recurrent question in epilepsy research is whether each identified piece of this puzzle is
epiphenomenal or neurobiologically causal.

In the present review, we describe the two historically prevailing hypotheses of epilepsy,
namely the potassium (K*) hypothesis (Fertziger and Ranck, 1970; Green, 1964) and the
glutamate/y-aminobutyric acid (GABA) hypothesis (During and Spencer, 1993). These
views are not mutually exclusive, and they retain the distinction between synaptic and non-
synaptic mechanisms of epileptogenesis. We also advance the hypothesis that the
impairment of transmitter cycling and ion homeostasis that accompanies reactive
astrocytosis during epileptogenesis is exacerbated by abnormal glycogen metabolism and
unavailability of the glycogenolytic response at the onset of seizures.

2. Relevance of neuron-astrocyte signaling in epilepsy

Neurons are the excitable cells of the brain, transmitting and processing electrical signals
within specialized neuronal networks. The principal site of neuronal communication is the
chemical synapse, a close apposition of membranes belonging to two distinct neurons. These
cells are separated by a tiny region of the extracellular space termed synaptic cleft where the
presynaptic transmitter release and postsynaptic the receptor-mediated signaling (i.e.
neurotransmission) occur. Astrocytes are not excitable cells, still they regulate neuronal
excitability by controlling the level of neuroactive compounds in the extracellular space,
either indirectly via reuptake or directly by release of transmitter molecules (Dallerac et al.,
2013; Newman, 2003). Astrocytic processes ensheat all neuronal elements including but not
limited to synapses and axons, with a “coverage” that varies among brain region. For
example, in the rat primary visual cortex about 30% of synapses are associated with a
perisynaptic astrocyte (Newman, 2004), and the periaxonal astrocytes also exert important
homeostatic functions (Sasaki et al., 2011b; Wender et al., 2000). Functional interactions
between axons and astrocytes include fast neuron-to-astrocyte K* flux during neuronal
activity, which is especially relevant in cerebral cortex as most cortical grey-matter axons are
unmyelinated (see DiNuzzo and Giove, 2012; DiNuzzo et al., 2012, 2013). Astrocytes also
form networks of gap junctions coupled cells, which allows trafficking of small molecules
via syncytial diffusion. Decades of intense research have unequivocally demonstrated that
“virtually every aspects of brain function involves a neuron-glia partnership” (Barres, 2003).
Currently established roles of astrocytes include involvement in blood-brain barrier
formation and maintenance, stimulation-induced vascular hyperaemic response, water/
electrolyte balance, transmitter homeostasis, metabolic interactions with neurons,
modulation of neuronal activity and signaling during development and inflammation
(reviewed by Ransom and Ransom, 2012). Therefore it is not surprising that astrocytes are
nowadays thought to play an important role in the pathogenesis of epilepsy (Binder and
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Steinhauser, 2009; Carmignoto and Haydon, 2012; de Lanerolle et al., 2010; Devinsky et al.,
2013; Seifert et al., 2010; Wetherington et al., 2008).

3. The potassium (K+) hypothesis: depolarization induced by extracellular
K+ accumulation

Brain activity depends on generation, summation and propagation of ionic currents along the
neuronal plasma membrane. Briefly, at the synapse neurotransmitters bind receptor proteins
located postsynaptically thereby increasing membrane ion permeability. Within dendrites,
voltage-sensitive ion channels propagate and amplify ionic movements and associated
changes in membrane potential. These changes are detected by high density regions of
channels on the axon initial segment (AIS), which eventually trigger the propagation of a
single action potential along the axonal membrane. The depolarization of presynaptic axon
terminal membrane finally causes the exocytotic vesicular release of transmitter molecules.
In order to support fast and reliable neuronal signaling, the far-from-equilibrium ion
concentration gradients generating membrane potential must be rapidly re-established. This
is accomplished by the concerted action of several ion channels and pumps. In this section
we briefly describe the changes in activity of the enzymes that might disturb ion homeostasis
in epilepsy.

3.1. Depolarization and hyperpolarization produced by ionic movements

Inward Na* fluxes and outward K* fluxes are associated with membrane depolarization and
hyperpolarization, respectively. Therefore, gain-of-function of Na* channels (for a
comprehensive review, see Eijkelkamp et al., 2012) and/or loss-of-function of K* channels
(for a comprehensive review, see D’Adamo et al., 2013) have proepileptic effects in most
cases. Some examples include gain-of-function of voltage-gated Na* (Nav) channels
Nav1.2/1.6 (responsible for action potential generation and propagation) (Sugawara et al.,
2001), Nav1.3 (responsible for dendritic postsynaptic potentials propagation) (Estacion et
al., 2010; Holland et al., 2008), and loss-of-function of voltage-gated K* (Kv) channels
Kv1.1/1.2 (responsible for action potentials propagation and vesicles release) (Brew et al.,
2007; Rho et al., 1999), Kv2.1/8.2 (responsible for dendritic postsynaptic potentials
propagation) (Jorge et al., 2011), Kv4.2 (responsible for backpropagating action potentials in
dendrites) (Barnwell et al., 2009; Bernard et al., 2004), Kv7.2/7.3 (required for
repolarization of AIS) (Peters et al., 2005). There are notable exceptions to this rule, as the
effect of these changes is reversed when they target inhibitory neurons. For instance, loss-of-
function of Nav1.1 is proepileptic (Yu et al., 2006). This finding is explained by the
predominant localization of Nav1.1 channels on the AIS of GABAergic interneurons in
neocortex and hippocampus, where they support sustained fast spiking of specified
inhibitory neuronal populations (Ogiwara et al., 2007; Yu et al., 2006). Thus, the relationship
between the clinical phenotypes and the functional defects may be complex (Ragsdale,
2008).

The amount of charge moved during signal generation and propagation in individual neurons
is very small. Yet, in the long run repetitive neuronal activity, as during seizures, turn into
sustained changes in both extracellular K+ concentration, which reaches 12-15 mM from a
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baseline value of 3 mM (Heinemann and Lux, 1977; Pedley et al., 1976), and extracellular
Na* concentration, which decreases by about 10 mM (Hablitz and Heinemann, 1989). Both
ion concentration changes are likely mediated by neuronal ion channels, because electrical
activity in neurons is associated with similar movements of Na* and K* (reviewed by Hertz
etal., 2013). The altered extracellular K* level, in particular, can simultaneously modify the
cell membrane potential of many neurons to persistently depolarized values. Such a situation
might evolve in “autogenic” paroxysmal discharges (Lebovitz, 1996). Accordingly,
conversion of regular firing of pyramidal neurons into burst firing upon elevation of
extracellular K* has been observed in hippocampal slices (Jensen et al., 1994). The role of
extracellular K* is especially important in maintaining hypersynchronous activity of
neuronal populations, which is evidenced by the fact that propagation of epileptiform events
is untouched by inhibition of chemical neurotransmission (Heinemann et al., 1986; Konnerth
et al., 1986; Nelken and Yaari, 1987; Yaari et al., 1986). Increases in extracellular K+
perpetuate and perhaps cause epileptic seizures within a feedback loop with multiple
synaptic factors (Fisher et al., 1976; McNamara, 1994). Noticeably, chemical synaptic
transmission is not necessary for synchronization of neuronal activity, at least in certain
brain regions (reviewed by Dudek et al., 1998).

3.2. Sequestration of neuroactive K* from extracellular space

Considerable research has demonstrated that astrocytes provide the principal routes to K*
homeostasis, which include both active uptake and spatial buffering of the ion (Kofuji and
Newman, 2004). Neuronally released K* is avidly taken up via the high-capacity astrocytic
Na*/K*-activated adenosyntrisphosphatase (NKA), which is associated with the auxiliary
protein FXYD7 that diminishes the enzyme affinity for extracellular K* (Hertz et al., 2013).
Within astrocytes K* is spatially redistributed from sites of high neuronal activity to sites of
low K* concentration through gap junction coupled cells. The latter process is mediated by
the astrocyte-specific Kir4.1 channel (Steinhauser et al., 2012). Inward movements of K* are
accompanied by osmotically-driven water fluxes through astrocytic water channel
aquaporin-4 (AQP4), leading to transients cell swelling and corresponding shrinkage of
extracellular space. Both K* and water diffuse through the astrocytic syncitium for
subsequent Kir4.1- and AQP4-mediated release, respectively.

3.2.1. Astrocytic K* buffering—Alterations in expression and protein level of Kir4.1
have been reported in surgical specimens of sclerotic hippocampus from temporal lobe
epilepsy (TLE) patients (Schroder et al., 2000), and specifically in reactive astrocytes
(Bordey and Sontheimer, 1998; Hinterkeuser et al., 2000; Jauch et al., 2002). Down-
regulation of astrocytic Kir4.1 has also been found in rat neocortex after blood-brain barrier
disruption and serum extravasation (Stewart et al., 2010), a condition leading to albumin-
induced ictogenesis (Frigerio et al., 2012). Together, these studies suggests the existence of a
close link between Kir channels and electrophysiological changes of astrocytes during
epilepsy (Binder and Steinhauser, 2006). However, glial-conditional knockout Kir4.1 mice
do not show any evidence of sustained extracellular K* nor epileptic seizures (Chever et al.,
2010).
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Spatial redistribution of K* requires integrity of astrocytic syncitial network as well
(Wallraff et al., 2006). Gap-junction coupling through connexins (Cx) 43 and 30 appears to
be altered in epilepsy. In the rat kindling model of epilepsy expression of both Cx43 and
Cx30 have been found to be initially up-regulated during induction of status epilepticus in a
compensatory manner to subside after acquisition of seizures (Akbarpour et al., 2012).
However, enhanced Cx43 expression has been observed after kainate-induced status
epilepticus (Takahashi et al., 2010) or in specimens from sclerotic hippocampus of TLE
patients (Collignon et al., 2006; Fonseca et al., 2002; Naus et al., 1991). It should be noted
that gap junctions might have an ambivalent role in epileptogenesis (see Seifert and
Steinhauser, 2013). Besides mediating K* buffering, the gap junctions coupled astrocytic
network could indeed sustain epileptiform activity by supporting glucose trafficking
(Giaume et al., 2010) or even perpetuate epileptic seizures by spreading Ca2* signaling and
gliotransmission (see below). Accordingly, neuroprotection against epilepsy have been
assigned either to enhancement (Samoilova et al., 2008) or suppression (Yoon et al., 2010)
of gap junctional communication in astrocytes. Gap junction blockers are not an option, as
currently available drugs cannot distinguish between astrocytic and neuronal gap junctions
forming astrocytic syncytium and electrical synapses, respectively (Seifert et al., 2010).

A role of AQP4 for K* homeostasis in epilepsy is evidenced by the fact that increased
duration of stimulation-induced seizures are associated with slower K* transients in the
hippocampus of AQP4 knockout mice (Binder et al., 2006). Subcellular expression of AQP4
in brain astrocytes mimics that of Kir4.1, although AQP4 is more strongly expressed in
perivascular regions (Nagelhus et al., 2004). However, down-regulation of AQP4 not
accompanied by significant changes in Kir4.1 has been reported in hippocampal kainic acid
mouse model of epileptogenesis (Lee et al., 2012). Furthermore, perivascular but not
parenchymal loss of AQP4 has been observed in hippocampi of TLE patients (Eid et al.,
2005). These studies are consistent with the finding that K* buffering is compromised when
perivascular AQP4 is decreased (Amiry-Moghaddam et al., 2003). The interface between
astrocyte and vascular endothelium is of particular relevance to epilepsy, especially in
sclerotic tissue. Indeed, epileptogenesis is associated with proliferation of microvasculature
and extravasation of substances during seizures (for a review, see de Lanerolle et al., 2010).

3.2.2. Active extracellular K* uptake by astrocytes—Although K* buffering in
astrocytes contributes to cellular K* homeostasis in the long term, active uptake of
neuronally released K* is essential for fast neuronal signaling (Bay and Butt, 2012). The
importance of astrocytic K* uptake is two-fold: first, by rapidly removing positive charges
from the extracellular space it accelerates repolarization of neuronal membrane, and second,
it avoids accumulation of interstitial K* and the resulting shift of the membrane potential
towards depolarized values. Net NKA-mediated K* uptake by astrocytes occurs whenever
extracellular K* increase (Amzica et al., 2002; Ballanyi et al., 1987; Chever et al., 2010;
Dufour et al., 2011; Hertz, 1978; Xu et al., 2013). Accordingly, the astrocytic clearance of
astrocytic K* is inhibited by NKA-blocking ouabain alkaloids, but not by other K* channels
inhibitors (Hertz et al., 2013).

That the primary function of NKA in astrocytes is K* clearance is indicated by the
requirement of astrocytic Na* channels for inward Na* flux and maintenance of intracellular
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Na* level necessary for NKA activity (Sontheimer et al., 1994). As previously mentioned,
during seizures there is a decrease in extracellular Na* due to a large activity-induced influx
of the ion into neurons. If from the one side this relieves the inhibitory effect of extracellular
Na* on the astrocytic NKA/FXYD7 complex, from the other side it aggravates the difficulty
of astrocytes in securing Na* for NKA activity (reviewed by DiNuzzo et al., 2013).
Eventually, prolonged neuronal hyperactivity results in substantial astrocytic Na* decrease,
as reported during epileptic seizures (Hablitz and Heinemann, 1989). Interestingly, reactive
astrocytes from epileptic human and rat hippocampus have enormously increased density of
tetrodotoxin-sensitive Nav channels with fast activation and inactivation kinetics (Bordey
and Sontheimer, 1998) as well as extracellular Na* level sensitive Na* (Nax) channels
(Gorter et al., 2010), which can be interpreted as a compensatory mechanism to protect these
cells from Na* loss.

Studies performed on microdissected cerebral glial cells, synaptosomes, mixed glial-neuron
cultures and tissue slices have demonstrated that the electrophysiological and metabolic
response to stimulation by elevated K* concentrations as those found during seizures (~12
mM) is primarily astrocytic (Badar-Goffer et al., 1992; Grisar et al., 1979; Henn et al., 1972;
Honegger and Pardo, 1999). This notion is consistent with the different catalytic subunit
composition of neuronal and astrocytic NKA. Indeed, the astrocytic enzyme exhibits higher
transport capacity and lower affinity for extracellular K* compared with neuronal NKA, the
latter being mainly activated by increases in intracellular Na* and already saturated for K*
even at basal extracellular K* concentration (see DiNuzzo et al., 2012, 2013). In epileptic
tissue, kinetic response to K* and K* removal capacity of astrocytic but not neuronal NKA
have been found to be down-regulated (Grisar, 1984; Grisar and Delgado-Escueta, 1986;
Grisar et al., 1983; Grisar et al., 1992; Guillaume, 1988; Laschet et al., 1991; Laschet et al.,
1990). This decrease in enzyme activity seems to be often paralleled by changes in the
expression and subunit composition of astrocytic NKA that at first glance are mutually
incompatible. For example, increased expression of a2 NKA subunit in astrocytes has been
found in rat hippocampus after kainic acid treatment (Anderson and Stahl, 1997). The
decline in K* uptake by astrocytic NKA can be reconciled with the finding of increased
expression of a2 NKA subunit by considering that FXYD7 only binds to the a1 subunit of
NKA (Beguin et al., 2002). Although these experiments are difficult to generalize, the
importance of functional NKA in astrocytes for K* uptake has led to the hypothesis that
astrocytic NKA might play a role in ictogenesis and seizure spread (Guillaume, 1988). The
rise in enzyme affinity for K* and the resulting inability of astrocytic NKA to be fully
activated in response to high extracellular K* (Grisar et al., 1992) would explain the
paradoxycal decrease in overall NKA activity sometimes reported during acute seizures, i.e.
when signaling and associated energy consumption is enhanced (Fernandes et al., 1996;
Vitezic et al., 2008). In the pilocarpine rat model of epilepsy, NKA activity has been shown
to be reduced in the acute period but substantially increased in the chronic period (Fernandes
et al., 1996; Reime Kinjo et al., 2007). In the same model, it has been recently reported that
glucose metabolism and the expression of some enzymes involved in energy metabolism are
both decreased in the long-term (Araujo et al., 2014; Hadera et al., 2013). No clear-cut
relation has been observed between ATP levels and K*-induced epileptiform activity in
epileptogenic rat hippocampus (Marichich and Nasello, 1973). Lack of correlation between
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changes in glucose consumption and spike-wave discharges has also been reported in rat
model of absence epilepsy (Nehlig et al., 1992). In this epilepsy model, normal or decreased
glucose metabolism has been found in focally active regions during the ictal period (Nehlig
et al., 1993). Furthermore, levels of phosphocreatine and ATP are maintained during many
types of epileptic seizures (e.g., Folbergrova et al., 1969), in spite of substantial increase in
energy consumption by NKA (Subbalakshmi and Murthy, 1981). Together, the above-
mentioned experimental evidence speak against a purely energetic basis for epilepsy.
Moreover, changes in enzyme function could result from either a mitochondrial
dysnfunction per se or from reduced metabolic demands. In fact, while on one hand a
decreased metabolic capacity leads to impaired NKA activity, on the other hand the
decreased NKA activity leads to reduced metabolic demand. The partial loss of
mitochondrial function observed in the epileptogenic tissue is overtly in favor of the former
scenario (Waldbaum and Patel, 2010; Yuen and Sander, 2011). However, it is common
knowledge that mitochondrial oxidative phosphorylation is stimulated by ADP (Chance and
Williams, 1955), which in the brain is mainly formed as a result of ATP hydrolysis by NKA.
In other words, energy production is stimulated by energy consumption, and ADP
unavailability to mitochondria is a detrimental event ultimately causing accumulation of
reactive oxygen species, mitochondrial damage and apoptosis (see DiNuzzo et al., 2012).

Net K+ uptake by astrocytes is aided by the astrocytic Na*/K*/2CI~ cotransporter 1
(NKCC1). This uptake is substantial only at extracellular K+ concentrations higher than 10—
15 mM, as K* uptake is not affected by the NKCC1 inhibitor furosemide at lower
extracellular K* levels (Walz and Hertz, 1984). Accordingly, activation of NKCC1 requires
membrane depolarization and subsequent stimulation of L-type voltage-gated Ca2* channel
(Cav) 1.2 and 1.3 (Cai et al., 2011). Action of NKCC1 is also important in providing Na+ to
astrocytes while cotransporting K* (for a review, see DiNuzzo et al., 2013). The involvement
of this astrocytic machinery for K* uptake in epilepsy awaits experimental investigation.

4. The glutamate/GABA hypothesis: enhancement of excitation and

suppression of inhibition

Disruption of the balance between excitation and inhibition is the most obvious mechanism
leading to hyperexcitability. In the adult brain, this mechanism entails an enhancement of
glutamatergic neurotransmission and/or a suppression of GABAergic neurotransmission. In
the present section, we summarize the potential changes in the expression and protein levels
of several enzymes involved in chemical synaptic transmission that can increase
susceptibility to seizures. Emphasis is given to the release of transmitter molecules by
astrocytes.

4.1. Exocytotic and non-exocytotic neuro- and glio-transmission

Changes in vesicular glutamate transporter (VGLUT) and/or vesicular GABA transporter
(VGAT) expression and protein level might contribute to altering the balance between
excitation and inhibition by changing the quantal content of vesicles. In general, changes in
synaptic proteins might parallel synaptic loss or formation (Crevecoeur et al., 2013). For
example, in sclerotic hippocampus of TLE patients VGLUT-1 expression has been found to
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be down-regulated in regions with severe neuronal loss, but strongly up-regulated in regions
characterized by formation of new glutamaregic synapses (i.e. after mossy fiber sprouting)
(van der Hel et al., 2009). There is no convincing evidence that possibly altered activity of
vesicular transmitter transporters per seis epileptogenic.

Synaptic vesicles are released by fusion between vesicle and plasma membranes (i.e.
exocytosis) in a Ca2*-dependent manner. In particular, action potential-mediated
depolarization of axon terminal activates voltage-gated Ca2* (Cav) channels. Presynaptic
Ca?* entry initiates the exocytotic process by binding to proteins of the soluble N-
ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complex. Changes in
activity of these proteins might impact seizure susceptibility. As an illustration, up-
regulation of putatively presynaptic Cav3.2 expression has been implicated in
epileptogenesis in the pilocarpine model of epilepsy (Becker et al., 2008). Recently, increase
in SNARE complex has been reported in hippocampal synaptosomes from amygdala-
kindled rats (Matveeva et al., 2012a). Genetic manipulation of neurosecretory machinery
resulted in attenuation of K*-evoked glutamate release and substantial reduction of kindling-
induced epileptogenesis (Matveeva et al., 2012b). Presynaptic transmitter release can be also
inhibited by K* currents without any apparent impairment of Cav channels. For example,
hyperpolarization-activated cyclic nucleotide-gated (HCN) K* channels have been found to
suppress the activity of Cav3.2 channels (Huang et al., 2011). However, a role for HCN
channels in seizure susceptibility remains to be established (see Benarroch, 2013).

Astrocytes also can release transmitter molecules, a process termed gliotransmission
(Santello et al., 2012; Zorec et al., 2012). The astrocytic release of glutamate can occur by
exocytotic as well as nonexocytotic mechanisms, while that of GABA appears to be
exclusively nonexocytotic (Martineau et al., 2013). Genetic impairment of an astrocytic
SNARE domain has been found to reduce status epilepticus and seizure frequency in
pilocarpine mouse model of epilepsy (Clasadonte et al., 2013). Several possibilities have
been suggested for gliotransmitter release not mediated by vesicular fusion. GABA can in
principle be released by reversal of GABA transporter (GAT) proteins (Richerson and Wu,
2003), while this route is unlikely for excitatory amino acid transporter (EAAT) proteins
moving glutamate (Longuemare and Swanson, 1997). This discrepancy stems from the
different ion movements associated with glutamate and GABA transport. Specifically, both
GATs and EAATSs capitalize the Na* gradient by cotransporting 2 or 3 Na* together with a
transmitter molecule. However, glutamate is countertransported with 1 K*, while GABA is
cotransported with 1 CI~. Given the relatively high intracellular CI~ concentration in
astrocytes, in principle reversal of GATs could happen under depolarizing conditions (i.e.
conditions compatible with Na* efflux). On the contrary, the K* concentration inside the cell
is at least 10-fold higher than the exterior even during seizures (Lothman et al., 1975;
Moody et al., 1974). Recently, GABA release by astrocytes through reversal of GATSs has
been reported to be directly evoked by glutamate uptake, the latter providing the Na* driving
the glutamate/GABA exchange without ATP usage (Heja et al., 2012). The involvement of
astrocytic GABA release in seizure susceptibility has been poorly investigated. However,
selective inhibition of glial but not neuronal GATSs has been found to exert anticonvulsant
effects (Gadea and Lopez-Colome, 2001), suggesting that GATs normally mediate GABA
reuptake not release and hence the contribution of GABA release by astrocytes is seemingly
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of minor importance in epilepsy. Since glutamate accumulates in astrocytes during seizures
(see below), it is possible that the uptake of the neurotransmitter is reduced and so is the
reversal of astrocytic GATs. GABA appears to be also released through astrocytic Ca2*-
activated anion channel (CAAC) bestrophin 1 (Bestl) (Lee et al., 2010), although this is
certainly not the case in the hippocampus because hippocampal astrocytes do not contain
GABA (Yoon et al., 2011). Nonexocytotic release of glutamate can be mediated by volume-
sensitive organic anion channel (VSOAC) proteins during astrocyte cell swelling induced by
high neuronal activity (Basarsky et al., 1999). However, channel-mediated glutamate release
by astrocytes is more likely to occur via Best1 channel (Oh et al., 2012; Park et al., 2013) as
well as two-pore domain potassium (Kyp) channels (Woo et al., 2012). The Kop2.1 member
of the Kop family, also named TWIK-related potassium channel 1 (TREK-1), is involved in
the regulation of astrocytic membrane potential though leakage K* current (for example, see
Zhou et al., 2009). Although TREK-1 is apparently permeable to both glutamate and K*,
adenoassociated viral delivery of a constitutively active TREK-1 channel has been found to
silence hyperexcitable neurons in epileptic rats (Dey et al., 2013). This finding suggest that
astrocytic release of glutamate by Kyp channels is probably of minor importance in epilepsy.
Involvement of Bestl in seizure susceptibility remains to be shown.

4.2. Sensing transmitter molecules

Brain cells possess systems of receptor proteins through which they can sense and respond
to extracellular chemical signals. Here we describe the glutamatergic and GABAergic
systems, which together account for most of the receptor-mediated signaling and associated
transmitter cycling and glucose metabolism in cortical grey matter (Chowdhury et al., 2007).
The adrenergic, serotoninergic and dopaminergic system are also potentially relevant to
epilepsy, and they are generally thought to exert antiepileptic effects (Giorgi et al., 2004;
Starr, 1996; Theodore, 2003). The description of these and other neurotransmitter systems is
beyond the scope of the present review.

4.2.1. Glutamate receptors signaling—Glutamate receptor proteins include ionotropic
as well as metabotropic receptors. Enhanced glutamatergic activity through excessive
stimulation of glutamate receptors might therefore result in neuronal hyperexcitability. It
should be noted that the rise in receptor-mediated currents might not necessarily be
accompanied by increase in extracellular glutamate concentration. Alpha-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)/kainate and N-methyl-D-aspartate
(NMDA) receptors are ligand-gated ion channels belonging to the former family of
glutamate receptor proteins. Binding of the neurotransmitter to these receptors, which are
located on postsynaptic dendrites or spines, causes channel opening and corresponding
increase in the permeability of the membrane to Na*, Ca* and K*. As a result, the
membrane potential experiences a transient depolarization that propagates passively, being
eventually reinforced by dendritic Nav and Kv channels, up to the AIS. AMPA and NMDA
are the predominant receptor types at excitatory synapses, where they exhibit distinct
kinetics in response to glutamate and thus possibly different involvement in epilepsy
(Rogawski, 2013). AMPA receptors are of primary importance in initiating seizures because
inhibition of AMPA receptors is more effective than inhibition of NMDA receptors in
abolishing epileptiform discharges (Hwa and Avoli, 1991; Hwa et al., 1991; Jones and
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Lambert, 1990; Nakamura et al., 1995; Williamson and Wheal, 1992). Combination of
antiepileptic drugs targeting AMPA and NMDA receptors has been shown to prevent
seizures in pentylenetetrazole-treated rats (Gmiro and Serdyuk, 2008). Immunoreactivity of
AMPA and NMDA receptors subunits has been found to be increased in the hippocampus of
TLE patients (Mathern et al., 1998). However, studies on the expression of glutamate
receptors should be interpreted carefully. Indeed, paradoxical seizure exacerbation by
blockade of glutamate receptors might occur whenever the suppression of these receptors
targets inhibitory interneurons (e.g., Maheshwari et al., 2013). Another possible confounding
factor, that we mention here but also applies to vesicular transmitter release, is the
unsilencing of presynaptic- and/or postsynaptic-silent synapses, an event that might be
induced by seizures (Hu et al., 2012; Zhou et al., 2011). Metabotropic glutamate receptor
(mGLUR) proteins also have been implicated in epileptogenesis. Activation of these
receptors produces membrane depolarization (postsynaptic group | mGLURsS), or reduced
transmitter release (presynaptic group Il and group 11l mGLURs). Gain-of-function of the
former and loss-of-function of the latter have been found to contribute to epileptogenesis in
amygdala-kindled rat brain slices (Holmes et al., 1996). Accordingly, stimulation of group |
mGLURs has been reported to elicit ictal-like response that convert to long-lasting
epileptiform discharges (Wong et al., 2004). As groups 1I/11l mGLURSs reduce release
probability in both glutamategric and GABAergic neurons, the pro- or anticonvulsant effect
of these receptors cannot be easily established in different epilepsy models (Ghauri et al.,
1996).

Astrocytes also sense glutamate in a receptor-mediated manner, as these cells are equipped
with group Il mGLUR3 and possibly group | mGLURS (Sun et al., 2013), the latter highly
expressed in young brain cells as well as reactive astrocytes (Takano et al., 2014). Elevated
levels of astrocytic mGLURSs have been found in epilepsy models or in hippocampal
specimens from TLE patients (Steinhauser and Seifert, 2002; Tang and Lee, 2001).
Activation of mGLURSs results in elevation of intracellular Ca2* and initiation of Ca%*-
induced Ca2*-release mechanism in coupled astrocytes. Astrocytic Ca2* signaling triggers
the exocytotic release of glutamate (see above) and ATP (Montana et al., 2006; Zhang et al.,
2007). The latter acts on purinergic metabotropic (P2Y) receptors that in turn increase CaZ*
concentration in astrocytes via the phospholipase C pathway, thereby propagating the
astrocytic Ca2* signaling as a Ca2* wave (Guthrie et al., 1999). In neocortex and
hippocampus locally correlated cell groups of few (Sasaki et al., 2011a) to hundreds (Kuga
et al., 2011) astrocytes exhibit synchronous Ca2* oscillations which emerge spontaneously
as well as in response to changes in neuronal network activity. During epileptiform activity,
Ca?* signaling in astrocytes is enhanced resulting in increased frequency of Ca?*
oscillations, which can be reduced by anticonvulsant drugs (Fellin and Haydon, 2005; Tian
et al., 2005). Accordingly, attenuation of astrocytic Ca2* signaling is neuroprotective and
reduce glutamate gliotransmission and excitotoxicity after pilocarpine-induced status
epilepticus (Ding et al., 2007). The role of this excitatory loop underlying astrocyte
hyperactivity in promoting excessive astrocyte-neuron coupling and approach of neurons to
seizure threshold is a very promising field for epilepsy research (Gomez-Gonzalo et al.,
2010). ATP also stimulates ionotropic purinergic (P2X) receptors located on both neurons
and astrocytes (Lalo et al., 2014; Verkhratsky et al., 2012). These receptors are permeable

Epilepsy Res. Author manuscript; available in PMC 2016 April 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

DiNuzzo et al.

Page 11

mainly to Na* and Ca?* and thus exert a depolarizing action on cell membrane potential.
Extracellular ATP is however rapidly degraded by ectonucleotidases to adenosine (Wink et
al., 2006), which acts on adenosine purinergic (P1) receptors located on presynaptic neurons
(Burnstock, 2013). These receptors might promote both heterosynaptic depression (Al
receptors) or facilitation (A2 receptors) depending on brain areas and cell types (for
example, see Bannon et al., 2013), which should preclude generalization of the effect of
purinergic neurotransmission in epilepsy. However, adenosine has been shown to exert
anticonvulsant effects, for example in rat amygdala kindling model (Dragunow and
Goddard, 1984). This and other studies have indicated that the involvement of adenosine in
brain hyperexcitability has mainly to do with the role of Al receptors in preventing seizure
spread (for a review, see Boison, 2011).

4.2.2. GABA receptors signaling—Similarly to glutamate, the effect of GABA is
mediated by ionotropic (GABA,) receptors and metabotropic (GABAR) receptors. Both
receptors induce membrane hyperpolarization, the former through ClI- influx and the latter
through G-protein coupled Kir channels. GABAa-mediated CI™ currents also provide a
shunt mechanism that nullifies concomitant depolarizations. Loss-of-function of GABAA
receptors has been associated with epileptic syndromes in both humans and rodents (Arain et
al., 2012; Laschet et al., 2007; Reid et al., 2013; Zhou et al., 2013), but GABA receptor-
mediated conductance might also paradoxically generate synchronous depolarizing events
that engage neuronal networks during ictogenesis (Avoli and de Curtis, 2011). The general
finding that GABAGg receptor agonists exacerbate seizures, while GABARg receptor
antagonists suppress seizures (Han et al., 2012) is counterintuitive as well. Similarly, reports
of GABAergic neurons immunoreactivity are not uniform, and different studies reported
decreased, unaffected or even increased inhibitory neuronal density depending on brain
region, interneuron type or receptor isoform examined (reviewed by de Lanerolle and Lee,
2005). It should be realized that important subtypes of GABAergic interneurons in the
cortex and hippocampus inhibit other inhibitory neurons, thus gain-of-function of these
disinhibitory neurons might result in aggravation of seizures (for example, see Wittner et al.,
2005).

In rat neocortex, GABAergic neurotransmitter cycling flux is 8-13% of glutamatergic flux at
P10 and 18-22% at P30 (Chowdhury et al., 2007; Patel et al., 2005). This increase parallels
the rapid expansion of GABAergic synapses per neurons (Micheva and Beaulieu, 1996) and
the shift in the action of GABA at its ionotropic receptors from depolarizing to
hyperpolarizing (Stein et al., 2004). The effect of GABA depends on the CI~ concentration
gradient between intra- and extracellular compartments, which is largely due to the relative
activity of inward NKCC1 and outward K*/CI~ cotrasporter 2 (KCC2) (Alvarez-Leefmans et
al., 2001; Delpire and Mount, 2002; Gamba, 2005). Early in development neuronal cells
express high levels of the ubiquitous NKCC1 and very low levels of the neuron-specific
KCC2, a pattern of expression resulting in relative high CI~ concentration in neurons and
depolarizing outward CI~ flux upon increase in membrane permeability after GABA action.
The transition to the adult brain is accompanied by progressive up-regulation of KCC2
expression and down-regulation of NKCCL1 expression in neurons, which brings about a
substantial decrease in intracellular CI~ concentration and GABA-induced hyperpolarizing
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inward CI™ flux (Clayton et al., 1998; Plotkin et al., 1997; Rivera et al., 1999; Wang et al.,
2002; Yamada et al., 2004). The features of the immature brain are important, as some
molecular mechanisms involved in normal brain development, such as those described
above, are recapitulated during epileptogenesis (Elliott and Lowenstein, 2004; Elliott et al.,
2003). In particular, astroglial reactivity is associated with this reversion to an immature
stage through the expression of early developmental genes and growth factors (Ridet et al.,
1997). During epileptogenesis, elevations in neuronal CI™ concentration attributable to
down-regulation of KCC2 and up-regulation of NKCC1 impairs GABA receptor mediated
inhibition or even converts it to excitation (Blaesse et al., 2009; Payne et al., 2003).
Defective neuronal CI™ extrusion due to imbalance of these cation-chloride cotransporters is
thought to be an important factor in epileptogenesis, because it might disturb the ratio of
excitatory and inhibitory inputs in cortical neurons (e.g., Viitanen et al., 2010).

Astrocytes are gabaergic/gabaceptive cells expressing both GABA and GABAGg receptors
(Lee et al., 2011). Both receptors results in increased Ca2* concentration in astrocytes. The
GABA-mediated effect is rapid and involves membrane depolarization due to the relatively
high CI~ level in these cells (Yoon et al., 2012) and subsequent opening of voltage-gated
Ca?* channels (Meier et al., 2008). GABAg receptor activation trigger a delayed Ca2*
release from intracellular stores (Meier et al., 2008). In either case, astrocytic CaZ* signaling
eventually modulates neuronal activity via gliotransmission. Accordingly, activation of
astrocytic GABAg receptors has been reported to potentiate neuronal inhibitory synaptic
transmission in a Ca2*-dependent manner (Kang et al., 1998). The elucidation of the
possible epileptogenic effects of GABAergic signaling in astrocytes remains to be
investigated.

4.3. Terminating transmitter action

Postsynaptic action of neurotransmitter must be rapidly terminated to ensure high fidelity
encoding of information. This is particularly important for glutamate in order to avoid
excitotoxicity, which can result in neuronal damage and eventually apoptotic cell death. The
foremost process to stop receptor-mediated signaling is reuptake of synaptically-released
transmitter molecules. Once taken up, the fate of glutamate and GABA inside cells is
important as well to maintain concentration gradient and transmitter homeostasis.

4.3.1. Reuptake of synaptically released glutamate and GABA—Since glutamate
uptake stops postsynaptic currents, any impairment of glutamate removal from extracellular
space can potentially lead to neuronal hyperexcitation. Similarly, in principle it is possible
that neuronal hyperactivity could be generated by intensification of reuptake of inhibitory
neurotransmitter. Changes in the expression and activity of glutamate and GABA
transporters cannot be interpreted without considering concomitant changes in cell density
and the specific distribution of transporter proteins in neurons and astrocytes.

The situation is relatively straightforward for glutamate, where most if not all reuptake
occurs via astrocytic EAATs (Coulter and Eid, 2012). Expression levels and activity of these
transporters have been found to be increased, decreased or unchanged depending on the
brain region examined or epilepsy model (Guo et al., 2010; Mathern et al., 1999; Proper et
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al., 2002; Sarac et al., 2009; Tessler et al., 1999). The relevant changes do not however make
much sense in damaged tissue, such as the sclerotic hippocampus, where substantial
neuronal loss is accompanied by astrocytic proliferation. Indeed, reduction of glutamate
transporters is possibly an effect of reduced synaptic activity (Yang et al., 2009), and as such
secondary to epilepsy-induced neuronal cell loss. In scleratic tissue, the conflicting
experimental results leave open the question of whether the (relatively small) alterations in
EAAT activity are of relevance to epilepsy (Seifert and Steinhauser, 2013).

Contrary to glutamate, GABA is taken up by both presynaptic neurons and astrocytes via
GATs (Pow et al., 2005). Thus, for example a decrease in neuronal GAT possibly implies
reduced inhibitory GABAergic input (i.e. less GABA terminals), which facilitates
hyperexcitability. The loss of GATs observed in epileptogenic hippocampus removed from
TLE patients (Lee et al., 2006) or the reduction of GAT in the brain of genetically epilepsy-
prone rats (Akbar et al., 1998) should be interpreted along this line of thought. On the other
hand, up-regulation of GATs have been found in tremor rat hippocampus (Mao et al., 2010),
in the hippocampus of rats after amygdalar FeCls injection-induced seizures (Ueda and
Willmore, 2000), or in amygdala-kindled rat brain (Hirao et al., 1998). These finding can
possibly be explained by an increased action of GABA reuptake and a resulting reduction of
extracellular GABA level. This is consistent with the anticonvulsive effect of GAT inhibitors
(see Madsen et al., 2010), which are surprisingly observed also in immature hippocampus
(Sharopov et al., 2013). The relative neuronal versus astrocytic contribution to GABA
reuptake as well as any cell-specific impairment of GATSs is presently unknown. Moreover, it
is not clear whether changes in GAT expression are compensatory or concausal to the
pathology (Dalby, 2003).

4.3.2. Intracellular metabolism of glutamate and GABA—Reuptake of transmitter
molecules is interconnected with their metabolism in the intracellular compartment. Indeed,
effective catabolism and transport of neurotransmitters avoid their accumulation in cytosol
and/or extracellular space. This is especially relevant for astrocyte-mediated reuptake of
glutamate (note that also GABA enters the glutamate pool after astrocytic reuptake and
transamination). Within astrocytes, a fraction of glutamate is channeled into tricarboxylic
acid (TCA) cycle, while the remaining is converted to glutamine by the astrocyte-specific
enzyme glutamine synthetase (GS) (reviewed by Mangia et al., 2012). Glutamine is released
into extracellular space from where it is taken up by neuronal sodium-coupled neutral amino
acid transporter (SNAT) proteins and subsequently converted back to glutamate by the
neuron-specific enzyme phosphate activated glutaminase (PAG). The relative proportion of
glutamate metabolized versus that cycling in neurons as glutamine rises as the level of the
amino acid increases (McKenna et al., 1996). Metabolization of glutamate can proceed via
transamination by alanine aminotransferase or branched-chain aminotransferase. Normally,
glutamate participates in the malate-aspartate shuttle, which requires action of aspartate
aminotransferase as well as aspartate-glutamate carrier. Within mitochondria, glutamate can
be further processed through glutamate dehydrogenase (GDH). Changes in activity of one of
these enzymes can potentially enhance excitation or suppress inhibition. The synthesis of
glutamine by GS deserves a special consideration and will be examined below.
Unfortunately, there are few and often inconsistent studies that examined the changes of
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enzymes participating in glutamate metabolism. For example, in kainate model of epilepsy
GDH expression remained unaltered between prior and after onset of seizures (Hammer et
al., 2008), whereas it apparently decreased relative to substrate flow through TCA cycle in
sclerotic hippocampus from TLE patients (Malthankar-Phatak et al., 2006). Changes in other
enzymes involved in glutamate metabolism during epilepsy have not yet been investigated in
details.

GABAergic synapses are exquisitely sensitive to availability of glutamine, which is
primarily provided by astrocytes. After impairment of astrocytic glutamate cyling, failure of
GABAergic signaling occurs within minutes (Fricke et al., 2007; Liang et al., 2006; Yang
and Cox, 2011), whereas glutamatergic signaling is maintained for hours (Kam and Nicoll,
2007; Ortinski et al., 2010). However, during seizures glutamine uptake appears to primarily
support glutamatergic activity, as inhibition of SNAT-mediated neuronal glutamine transport
reduces epileptiform activity in rat kainate epilepsy model (Kanamori and Ross, 2013).

5. How excess glutamate can impair K* homeostasis

So far, we have described the experimental evidence associating dysfunction of a number of
identified proteins to neuronal hyperexcitability and epileptogenesis. It should be clear that
isolating an individual mechanism to establish a causal relation is an extremely difficult, if
not impossible, task due to the existence of many feedback loops in neuronal-glial activity.
Nonetheless, in the following we propose a potential mechanism relating excitotoxic
glutamate level to persistently elevated extracellular K* concentration.

5.1. Dysfunction of glutamine synthetase and glutamate cycling

Reactive astrogliosis and neuronal loss are primary hallmarks of epileptogenesis.
Hypertrophy and proliferation of reactive astrocytes and infiltration of activated microglia
result in phenotipic changes in neurons, which are secondary to astrocyte- and microglia-
mediated release of several growth factors. For example, the release of brain-derived
neurotrophic factor by reactive astrocytes causes a down-regulation in the expression of
neuronal KCC2 as well as an up-regulation in the expression of neuronal NKCC1 (Rivera et
al., 2002; Rivera et al., 2004). These alterations are responsible for the relatively high
intracellular chloride concentration that depolarizes the membrane upon stimulation of
ionotropic GABA receptors, resulting in reduced inhibition and neuronal hyperexcitability
(see above). Neuronal cell death initiated by excitotoxicity is thought to be exacerbated by
the loss of astrocyte-neuron cell-cell contact following the deterioration in extracellular
matrix proteins (Eid et al., 2013b). These events trigger a number of changes in astrocytic
gene expression that have been found to increase protein nitration, oxidative stress and also
B-amyloid deposits that ultimately lead to reduction in astrocytic GS (Eid et al., 2008b). In
the kainate rat model of epilepsy it has been found that GS is upregulated in latent phase of
epileptogenesis and down-regulated in chronic phase after the onset of recurrent seizures
(Hammer et al., 2008). This finding might explain the slightly increased GS expression
reported in mouse hippocampus after kainic acid-induced epileptogenesis (Lee et al., 2012)
or the unaltered GS protein levels observed in pentylenetetrazol epilepsy model (Bidmon et
al., 2008). The latter study, however, supported the notion that GS undergoes
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posttranscriptional modifications (e.g., protein nitration) with loss-of-function not
necessarily accompanied by reduced expression (see also Eid et al., 2013a). Dysfunction of
GS along with decreased extracellular and intracellular glutamine levels has been
consistently found in sclerotic hippocampus (Cavus et al., 2005; Eid et al., 2004; Petroff et
al., 2003; Petroff et al., 2002; van der Hel et al., 2005).

Although it is commonly acknowledged that decrease in GS activity is proconvulsant, it
should be realized that the variations in expression and protein level of GS could not
translate in obvious changes of neurotransmission and extracellular transmitter level. Indeed,
neuronal glutamate release is strongly dependent on the continuous availability of glutamine
(Tani et al., 2010). This notion suggests that suppression of GS activity might impair
glutamatergic neurotransmission and thus mitigate the rise in extracellular glutamate
(Devinsky et al., 2013). Suppressed GS activity and failure of glutamate-glutamine cycle
also depletes synaptic GABA (Ortinski et al., 2010). Thus, dysfunction of GS produce local
synaptic perturbations either towards excitation or inhibition, both likely accompanied by
reduced neurotransmission. Extracellular glutamate has been found to increase by 20% in
epileptic rat hippocampus (Walker et al., 1995) or by 30-40% in kainate- or pilocarpine
rodent epilepsy model (Liu et al., 1997). It is likely that the most of glutamate accumulates
in astrocytes during hypoactivity of GS (Danbolt, 2001; Petroff et al., 2002). Indeed, the
Na*-dependent high-affinity and high-capacity EAATSs (Schousboe, 1981) are capable of
maintaining inward transmitter flux in astrocytes even at the high K* level attainable during
seizures (Claudio et al., 2002 and references therein). It is noted that astrocytic proliferation
is not accompanied by substantial loss of EAATS expression and activity (see above).
Paradoxically, the concentration of glutamate has been found to increase several-fold even in
sclerotic hippocampus characterized by 60-80% of neuronal loss and doubled glial density
(Cavus et al., 2005; Kim et al., 2004; Petroff et al., 2003). After inhibition of GS by the
xenobiotic L-methionine-SR-sulfoximine (MSO), glutamate has been found to increase four-
fold in hippocampal slice astrocytes (Laake et al., 1995). In GS-deficient hippocampal
formation of laboratory rats the concentration of glutamate in astrocytes has been found to
be increased by ~50% (Perez et al., 2012). In normal animals, GS inhibition leads to acute
decrease in extracellular and neuronal glutamate concentration (Bottcher et al., 2003;
Paulsen and Fonnum, 1989; Rothstein and Tabakoff, 1984). That sustained epileptiform
discharges can occur without any increase in extracellular glutamate has been directly
demonstrated in picrotoxin- or bicuculline-injected rats (Millan et al., 1991). Drop in
synaptosomal glutamate and, by inference, in glutamatergic neurotransmission have been
reported in rat brain after chronic MSO administration (Somers and Beckstead, 1990)
without energy failure (Subbalakshmi and Murthy, 1981). Uncoupling between glutamate
and neuronal hyperactivity is further suggested by the fact that the tissue concentration of
the transmitter remains elevated long after cessation of seizures (During and Spencer, 1993).
Together, these arguments suggest that reduction in GS activity exerts its proconvulsant
effects by another route than increased neuronal glutamatergic neurotransmission (see also
Kam and Nicoll, 2007) and that the increase in glutamate is probably secondary to the
epileptogenic action of MSO.

A critical role of GS impairment in initiating epilepsy is suggested by the fact that recurrent
seizure activity develops after pharmacological inhibition of GS (Eid et al., 2008a). Indeed,
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systemic administration MSO causes severe seizures in laboratory animals, which were first
observed decades ago (Folbergrova et al., 1969; Szegedy, 1978) and then repeatedly utilized
as a model of TLE (Eid et al., 2008a; Wang et al., 2009), as the neuropathological features of
MSO-treated animals resemble human mesial temporal sclerosis (see Eid et al., 2008b).

5.2. Synthesis of abnormal glycogen and accumulation of extracellular K*

In GS-deficient hippocampus of laboratory rats, the increase in glutamate concentration
seems to occur mostly in astrocytes (Perez et al., 2012). This finding is consistent with the
dependence of neuronal glutamate exocytosis on astrocyte-derived glutamine (Tani et al.,
2010) and with the high affinity and capacity of astrocytes for inward glutamate transport
even at the high K* attainable during seizures (see Claudio et al., 2002). Elevation in
astrocytic glutamate concentration and subsequent entry of glutamate into TCA cycle has
been correlated with incorporation of glutamate carbons into glycogen via the
gluconeogenetic pathway (reviewed by DiNuzzo et al., 2011). In particular, de novo
synthesis of glycogen paralleled by activation of the gluconeogenic enzyme fructose-1,6-
bisphosphatase (FBPase) has been repeatedly reported after MSO administration both in
intact brain (Delorme and Hevor, 1985; Hevor et al., 1986) and in astrocyte-enriched cell
cultures (Verge and Hevor, 1995). Gluconeogenic enzymes including pyruvate carboxylase
and FBPase are further stimulated by high K* (Kaufman and Driscoll, 1992; Verge and
Hevor, 1995).

Glycogen synthesis appears to be defective under conditions associated with elevated
glutamate and K*. Specifically, often but not always MSO-treated animals accumulated
abnormal glycogen particles resembling aggregates of insoluble polyglucosans (Delorme
and Hevor, 1985; Phelps, 1975). Those animals that did not synthesize abnormal glycogen
were seizure-resistant (Bernard-Helary et al., 2000), a feature that turned out to depend on
the capacity of metabolizing glycogen (Bernard-Helary et al., 2000; Folbergrova et al.,
1996). Aggregates of insoluble polyglucosans in both astrocytes and neurons are also an
hallmark of Lafora disease, one of the most severe form of myoclonus epilepsy (Tagliabracci
et al., 2008; Valles-Ortega et al., 2011). Inclusions of polyglucosan bodies have long been
reported in astrocytes of epileptic patients and often correlated with seizure duration
(reviewed by DiNuzzo et al., 2014), although a causal link between polyglucosans
accumulation and predisposition to seizures remains to be demonstrated. The resistance of
glycogen to hydrolysis is relevant to epilepsy, as rapid mobilization of glycogen has recently
been reported to sustain uptake of extracellular K* by astrocytes (Choi et al., 2012; Xu et al.,
2013). Importantly, inhibition of glycogenolysis has been found to completely abolish
astrocytic K* uptake, even in the presence of glucose (Xu et al., 2013). Astrocytes are the
primary cells responsible for clearance of neuronally-released K* into extracellular space
(Hertz et al., 2013) and impairment of active astrocytic K* uptake has been suggested as an
important causal factor for epileptic seizures (D’ Ambrosio, 2004). Although the regulatory
mechanisms underlying K*-induced glycogenolysis are not fully understood (DiNuzzo et al.,
2013), it is conceivable that unmetabolizable glycogen contributes to the rise in extracellular
K* observed in epileptic tissue (DiNuzzo et al., 2014).
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6. Concluding remarks

In this review, we have outlined the mechanisms that potentially have a role in seizure
susceptibility and epileptogenesis. Although incomplete and largely undetailed, our
description shows that virtually any process involved in the neuro-glial signaling machinery
has been found to be altered in the epileptic brain. Thus, glutamatergic and GABAergic
signaling with the associated increases in extracellular K* all contribute to epileptogenesis
via one or more of the pathways described above. We have put forward the view that during
epileptogenesis excess glutamatergic neurotransmission leads to reactive astrogliosis, loss-
of-function of glutamine synthetase and impaired astrocytic glutamate reuptake. These
events initiate a mechanism that induces the gluconeogenesis-mediated synthesis of aberrant
glycogen, which ultimately results in unavailability of the glycogenolytic response necessary
for astrocytes to actively take up extracellular K*, thus eventually culminating in the
epileptic crisis.
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Figure 1. Schematic illustration of metabolic pathways of neuron-astrocyte signaling relevant to
epileptic seizures

Neuronal electrical activity includes generation and propagation of axonal action potentials
through opening of depolarizing Nav and hyperpolarizing Kv. Arrival of traveling
depolarization at axon terminal triggers opening of Cav and entry of Ca%*, which in turn
activates the secretory machinery of vesicle exocytosis. Relased transmitter (either glutamate
or GABA in glutamatergic or GABAergic neurons, respectively) binds to postsynaptic
receptors (GLURs or GABAag) thereby producing depolarizing excitatory or
hyperpolarizing inhibitory ion fluxes on postsynaptic neurons. Depolarization is eventually
amplified and propagated in dendrites by Nav and Kv. Transmitter molecules are readily
taken up mainly by astrocytes via the relative transporter proteins (EAATs or GATSs) and
then returned back to neurons in the glutamate-glutamine cycle (note that GABA is
converted to glutamate by astrocytic GABA-T). Cycling of neurotransmitter strictly requires
the action of astrocyte-specific GS. Inhibition of GS by MSO and/or loss-of-function during
epilepsy-induced astrocytosis determines the depletion of presynaptic transmitter molecules
and accumulation of glutamate in astrocytes. High glutamate levels in these cells result in
excessive channeling of glutamate in TCA cycle and dowstreaming stimulation of
gluconeogenic pathway (e.g. PEPCK and FBPase). The activation of FBPase is correlated
with new synthesis of aberrant glycogen molecules called polyglucosans, which are partly
insoluble and thus inaccessible to degrading enzymes. lon gradients are primarily re-
established by action of NKA in both neurons and astrocytes. However, astrocytic NKA is
poised for reuptake of neuronally released K*, a process requiring glycogenolysis. Thus,
defective glycogenolysis due to accumulation of polyglucosans impairs astrocytic K*
uptake. Excess extracellular K* shifts neuronal membrane potential towards chronically
depolarized values and possibly initiates and perpetuates the epileptic seizure. Note that in
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the figure, the stimulation of polyglucosans synthesis by glucose-6-phosphate (G6P) is
present only for illustration purposes, as the exact mechanisms leading to polyglucosans
synthesis are presently unknown. AQP, aquaporin; Cav, voltage-gated Ca2* channel; Cx,
connexin; EAATS, excitatory amino acid transporters; FBPase, fructose-1,6-bisphosphatase;
GAD, glutamate decarboxylase; GABAa/g, GABA receptors; GABA-T, GABA
transaminase; GATS, GABA transporters; GLURs, glutamate receptors; GS, glutamine
synthetase; Kir, inward rectifier K* channel; Kv, voltage-gated K* channel; MSO, L-
methionine-SR-sulfoximine; Nav, voltage-gated Na* channel; NKA, Na*-K*-activated
adenosintrisphosphatase; PAG, phosphate-activated glutaminase; PEPCK,
phosphoenolpyruvate carboxykinase; SNARE, soluble N-ethylmaleimide-sensitive factor
attachment protein receptor; SNAT, sodium-coupled neutral amino acid transporter; TCA,
tricarboxylic acid cycle; VGAT, vesicular GABA transporter; VGLUT, vesicular glutamate
transporter.
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