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SYMPOSIUM REVIEW

New vistas on astroglia in convulsive and non-convulsive
epilepsy highlight novel astrocytic targets for treatment
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Neuroscience

Abstract Our current knowledge of the role of astrocytes in health and disease states supports the
view that many physiological brain functions and neurological diseases are finely tuned, and in
certain cases fully determined, by the continuous cross-talk between astrocytes and neurons. This
novel way of interpreting brain activity as a dynamic and reciprocal interplay between astrocytic
and neuronal networks has also influenced our understanding of epilepsy, not only forcing a
reinterpretation of old findings, but also being a catalyst for novel experimentation. In this
review, we summarize some of the recent studies that highlight these novel distinct contributions
of astrocytes to the expression of convulsive and non-convulsive epileptiform discharges and
seizures. The emerging picture suggests a general framework based on bilateral signalling between
astrocytes and neurons for a fuller understanding of epileptogenic and epileptic mechanisms in
the brain network. Astrocytes potentially represent targets for the development of those novel
chemical entities with improved efficacy for the treatment of convulsive and non-convulsive
epilepsy that expert groups have recognized as one of the key priorities for the management of

epilepsy.
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Introduction glutamate, GABA, ATP, adenosine, noradrenaline, acetyl-
choline, dopamine and cannabinoids (von Blankenfeld
& Ketterman 1991; Porter & McCarthy 1995; Pasti et al.
1997; Khan et al. 2001; Araque et al. 2002; Navarrete &
Araque 2008); (2) astrocytes release glutamate (Parpura
etal. 1994; Pasti et al. 1997) as well as other gliotransmitters
including GABA (Kozlov et al. 2006; Lee et al. 2010),
D-serine (Mothet et al. 2005) and ATP (Arcuino et al
2002; Newman 2003), through mechanisms that rely, at
least in part, on intracellular Ca’* changes and vesicle
fusion events (for reviews, see Evanko et al. 2004; Volterra
& Meldolesi 2005; Haydon & Carmignoto 2006); (3)
astrocytic glutamate and GABA activate neurons with a
characteristic electrical signature, the slow inward (Parri
et al. 2001; Angulo et al. 2004; Fellin et al. 2004; Lee et al.
2007; Shigetomi et al. 2008) and outward currents (Kozlov
etal.2006; Jimenez-Gonzalez etal. 2011) (SICs and SOCs),

The last 20 years have seen a remarkable transformation in
our understanding of the role of astrocytes in brain physio-
logy. The so-called ‘astrocyte revolution’ started with the
observation that glutamate application to cell cultures
and brain slices was capable of eliciting intracellular
Ca** transients in astrocytes which could propagate to
neighbouring astrocytes as Ca’* waves. The current view
is one that emphasizes a dynamic and bidirectional inter-
play between astrocytes and neurons that goes well beyond
the traditional passive role of astrocytes in neuronal
function. The major findings that have led to this scenario
can be briefly summarized as follows: (1) astrocytes
possess receptors for various neurotransmitters, including
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The report was presented at the symposium Why do some brains seize?

Molecular, cellular and network mechanisms, which took place at the
Epilepsy Research UK Expert International Workshop, Oxford, UK on
15-16 March 2012.
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respectively; and (4) gliotransmitters exert a fine tuning
on synaptic efficacy in both the short- and the long-time
domain (Araque et al. 1998; Kang et al. 1998; Brockhaus &
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Deitmer 2002; Zhang et al. 2003; Bowser & Khakh 2004;
Pascual et al. 2005; Panatier et al. 2006, 2011; Serrano
et al. 2006; Jourdain et al. 2007; Di Castro et al. 2011;
Shigetomi et al. 2011; Torres et al. 2012), affect neuronal
excitability (Parpura et al. 1994; Pasti et al. 1997, 2001;
Araque et al. 1999; Perea & araque 2007) and enhance
neuronal synchronies (Fellin et al. 2004; D’Ascenzo et al.
2007). Besides the above-mentioned neurotransmitters,
astrocytes can also release interleukin-18 (IL-18), BDNE,
GDNE, neurosteroids, nitric oxide, TNFa and TGEFp,
which can all affect neuronal network activity (for review,
see Volterra & Meldolesi 2005). It is not surprising,
therefore, that the continuous dynamic cross-talk between
single astrocytes and neurons as well as among astrocytic
and neuronal networks has been shown to contribute to
many physiological functions.

This novel way of interpreting brain activity as a
dynamic and reciprocal interplay between astrocytic and
neuronal networks has clearly influenced our under-
standing of neurological diseases, including Alzheimer’s
disease, epilepsy, inflammation and Parkinson’s disease,
where ‘traditional’ roles for astrocytes had already
been established. Thus, the ‘astrocyte revolution’ has
not only led to a reinterpretation of old findings,
but also been a catalyst for novel experimentation.
This has been particularly true for epilepsy, where in
addition to traditional astrocytic dysfunctions related
to abnormal extracellular glutamate and potassium
homeostasis (Heinemann et al. 2000), the bi-directional
astrocyte—neuron signalling may contribute to the
generation of a hyper-excitable brain network and
ultimately of convulsive seizures (Binder & Steinhauser
2006; Seifert et al. 2010). Similarly in absence seizures,
the presence of a localized expression of astrocytic IL-18
in the putative cortical initiation site (Akin et al. 2011),
the sensitivity of absence seizures to IL-18 (Kovacs et al.
2006; Akin et al. 2011) and the astrocyte-dependent
gain-of-function of thalamic GABA, receptors that under-
lie the tonic GABA, inhibition (Cope et al. 2009; Errington
et al. 2011b) have provided new perspectives for the inter-
pretation of these genetically determined, non-convulsive
seizures and novel targets for their treatment.

In this review, we summarize recent studies that
highlight these and other distinct contributions
of astrocytes to the expression of convulsive and
non-convulsive epileptiform discharges and seizures
(for more comprehensive reviews into astrocytic
(dys)functions in epilepsy, see Seifert et al (2010),
Carmignoto & Haydon (2012), Losi et al. (2012) and
Steinhduser et al. (2012)). The emerging picture suggests
a general framework based on bilateral signalling between
astrocytes and neurons for a fuller understanding of
epileptogenic and epileptic mechanisms in the brain
networks, and identifies clear astrocytic targets for the
development of novel avenues of pharmacological
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interventions in convulsive and non-convulsive

epilepsy.

Astrocytes and absence seizures

Absence seizures consist of sudden and brief periods of
lack of consciousness which are invariably accompanied
by stereotypical, generalized and synchronous spike and
wave discharges (SWDs) in the EEG (Panayiotopoulos
1997; Crunelli & Leresche 2002; Blumenfeld 2005; Avoli
2012). They are present, alone or most commonly
in association with other convulsive seizures, in many
idiopathic generalized epilepsies and are known to be
generated by paroxysmal activity within cortical and
thalamic networks with little or no involvement of other
brain regions (Williams 1953; Vergnes & Marescaux 1992;
Crunelli & Leresche 2002; Bai et al. 2010). However,
the abnormalities underlying absence seizures and the
pathophysiological mechanisms thatlead to the expression
of these non-convulsive seizures are still not fully under-
stood (Crunelli & Leresche 2002; Blumenfeld 2005).

Extensive genetic analysis of many families affected by
idiophatic generalized epilepsies with absence seizures
has highlighted a number of mutations in a number
of voltage-dependent and transmitter-gated channels,
including Ca** channels and GABA, receptors (Wallace
et al. 2001; Kananura et al. 2002; Maljevic ef al. 2006;
Macdonald et al. 2010; Lachance-Touchette et al. 2011).
Based on the classical view that epilepsy originates
from either an enhanced glutamatergic transmission,
or a decreased GABAergic transmission, or both, the
mutations in GABA, receptor genes had been inter-
preted as leading to a widespread loss-of-function
in GABA, receptor-mediated synaptic transmission in
absence seizures. Unfortunately, this expectation turned
out not to be completely true, since in transgenic mice
carrying one of this human GABA, receptor point
mutations (i.e. the R43Q in the y subunit) (Wallace
et al. 2001) abnormalities in GABAergic transmission (i.e.
decreased IPSC frequency) were found only in cortical but
not in thalamic reticular or thalamocortical neurons (Tan
et al. 2007).

This finding is not surprising if one considers that
many pieces of independent evidence support the view
that in thalamocortical neurons of sensory thalamic
nuclei of many absence epilepsy models the GABAergic
function is not decreased, but is either increased or
unchanged: (1) during spontaneous absence seizures in
cats as well as in Genetic Absence Epilepsy Rats from
Strasbourg (GAERSs), a well established genetic model
of absence seizures (Danober et al. 1998) the majority of
thalamocortical neurons shows rhythmic bursts of GABA 4
IPSPs (Steriade & Contreras 1995; Pinault et al. 1998);
(2) the direct intrathalamic injection of either penicillin
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(Kostopoulos 2000) or bicuculline (Steriade & Contreras
1995) fails to elicit absence seizures; (3) the overwhelming
majority of data from in vivo models indicate either
no change or an increase in phasic GABA,R-mediated
inhibition (i.e. IPSPs or IPSCs) in thalamocortical neurons
compared to their respective non-epileptic control strains
(Caddick et al. 1999; Bessaih et al. 2006; Tan et al. 2008;
Cope et al. 2009); (4) GABA, IPSPs in thalamocortical
neurons of GABA,R-83 subunit KO mice, which have
absence seizures, are unchanged compared to wild-type
littermates (Huntsman et al. 1999); (5) the ambient GABA
level in the thalamus of GAERSs is higher compared to that
in the non-epileptic control strain (Richards et al. 1995);
and (6) GABAj receptor agonists induce absence seizures
in naive animals and aggravate them in different models
of this non-convulsive epilepsy (Snead 1992; Aizawa et al.
1997; Danober et al. 1998). Importantly, a number of
studies has reported that drugs that increase GABA levels,
i.e. vigabatrin and tiagabine, induce absence seizures in
animalsand in humans, as well as aggravate them in animal
models of, and in patients suffering from, absence epilepsy
(Hosford & Wang 1997; Danober et al. 1998; Ettinger et al.
1999; Panayiotopoulos 2001; Perucca et al. 1998).

In line with these findings, it has recently been
conclusively demonstrated that an increased tonic
GABA, receptor mediated inhibition in thalamocortical
neurons is a common feature of mouse and rat
genetic and pharmacological models of absence
epilepsy, including GAERS, stargazer, lethargic and
succinic semialdheide dehydrogenase-KO animals as
well as in the y-hydroxybutyric acid (GHB) and
4,5,6,7-tetrahydroisoxazolo-[5,4-C]pyridine-3-ol (THIP)
models (Cope et al. 2009; Errington et al. 2011b).
This finding, together with data showing a block
of absence seizures in GAERSs following thalamic
injection of a GABA, receptor § subunit-specific antisense
oligodeoxynucleotide and the inability to elicit absence
seizures in GABA, & subunit KO mice (Cope ef al. 2009),
suggests a potential therapeutic role for inverse agonists at
peri/extrasynaptic § subunit-containing GABA, receptors
in absence epilepsy (Errington et al. 2011a). Importantly,
the enhanced tonic GABA, receptor mediated inhibition
that is observed in GAERSs and stargazer mice may be
of epileptogenic significance, since it is present before the
onset of seizures in these two models (Cope et al. 2009).

The increased thalamic tonic GABA, current that is
present in thalamocortical neurons of the genetic mouse
and rat models of absence epilepsy does not results
from an increased GABA release or from an increased
expression in the levels or activity of peri/extrasynaptic &
subunit containing GABA,4 receptors. Instead, itisduetoa
loss-of-function of one of the GABA transporters, GAT-1
(Fig. 1; Cope et al. 2009), that in the thalamus of both
humans and rodents is exclusively located in astrocytes
(Borden 1996; De Biasi et al. 1998; Pow et al. 2005).

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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This conclusion is based both on indirect evidence (i.e.
measurements of the tonic GABA, current in GAERSs
and stargazer mice) and direct evidence showing that the
GABA transporter current measured from patch-clamped
astrocytes in GAERS thalamic slices is not affected by
NO-711 (a selective blocker of GAT-1) but is abolished
by SNAP5114 (a selective blocker of GAT-3) (Pirttimaki
etal. 2010, 2012). In contrast, in thalamic astrocytes from
non-epileptic control rats, each of NO-711 and SNAP5114
decreases the GABA transporter current by half, and
co-application of the two drugs is required for a full block
of this current (Pirttimaki et al. 2010, 2012).

Two key questions arise from these studies. Firstly, what
is the nature of the GAT-1 abnormality? GAT-1 expression
levels in GAERSs and stargazer mice are similar to those
of their respective non-epileptic control strains, and no
mutation is present in the GAT-1 gene of these two genetic
models (Cope et al. 2009). Thus, it may be that GAT-1
remains as an immature intracellular protein or that
the phosphorilation of this transporter is compromised.
Secondly, why is astrocytic GAT-3, the only other GABA
transporter that is present in the thalamus (Borden 1996;
De Biasi et al. 1998; Pow et al. 2005), unable to compensate
for the malfunctioning GAT-1? One possibility might
be that GAT-3 is located close to the synaptic sites and
thus away from the peri/extrasynaptic GABA, receptors
that elicit the tonic GABA, current. However, a recent
investigation of GABAg receptor IPSCs in thalamocortical
neurons concluded that GAT-1 is ‘primarily localized near
GABAergic synapses whereas GAT-3 is localized both near
and far away from synapses’ (Beenhakker & Huguenard
2010). A detailed electron microscopy study of the relative
position of these transporters with respect to synaptic and
to §-containing peri/extrasynaptic GABA, receptors may
provide some conclusive results on this issue.

Possibly as a consequence of the drastically reduced
activity of GAT-1 in the thalamus, some properties of the
slow inward currents (SOCs), the characteristic signature
of the GABAergic astrocyte-to-neuron signalling (Kozlov
etal.2006), are altered in GAERS thalamocortical neurons,
i.e. small changes in amplitude, rise time and decay time
(Pirttimaki et al. 2010, 2012). Although it is difficult at
present to ascribe a precise mechanistic significance for
these changes in thalamic SOCs to the pathophysiological
processes occurring during absence seizures, it is inter-
esting that vigabatrin, which elicits and/or exacerbates
absence seizures in animals and humans (see above), has
been shown to increase the frequency of SOCs in thalamic
neurons (Jimenez-Gonzalez et al. 2011). It remains to be
seen whether similar changes in the activity of GABA
transporters and SOCs are present in cortical territories,
in particular in the putative ‘cortical initiation site’ of
typical absence seizures that has been identified in rat
genetic models (Meeren et al. 2002; Polack et al. 2007),
and in humans suffering from this form of epilepsy
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(Holmes et al. 2004; Westmijse et al. 2009; Bai et al. 2010;
Moeller et al. 2010). As far as the slow inward currents
(SICs), the characteristic signature of the glutamatergic
astrocyte-to-neuron signalling (Angulo et al. 2004; Fellin
et al. 2004), are concerned, no differences are observed
in the properties of thalamic SICs between GAERSs
prior to seizure onset and age-matched non-epileptic rats
(Pirttimaki ef al. 2010, 2012) and no change in astrocytic
glutamate transporters has been reported at this age in
the thalamus of this genetic model (Dutuit et al. 2002). In
cortical neurons, on the other hand, one might expect to
see alterations in SICs, since glutamate uptake is reduced
in this brain region of pre-seizure GAERSs (Touret et al.
2007) as a result of a decreased expression of the astrocytic
glutamate transporters GLT-1 and GLAST (Dutuit et al.
2002).

Another key finding that provides a potential
epileptogenicrole of astrocytes in the expression of absence
seizures stems from the original observation of Dutuit
et al. (2000), who described increased expression of glial
fibrillary protein levels in cortical and thalamic astrocytes
of GAERS, both prior to the expression of the first seizure
and in adulthood. A recent investigation has now shown
the selective induction of IL-18 in activated astrocytes
within the putative ‘cortical initiation site’ of absence
seizures (i.e. the peri-oral region of the somatosensory
cortex), but not in other cortical regions or in the thalamus
of GAERSs prior to seizure onset. In adulthood, IL-1 is
detected in the entire somatosensory cortex, but again
not in the remaining cortex or thalamus of this absence
model (Fig. 1) (Akin ef al. 2011). The increased cortical
expression of IL-181is not simply an epiphenomenon, since
systemic injection of a specific blocker of IL-18 synthesis
markedly reduces absence seizures in this model (Akin
etal. 2011),and injection of lipopolysaccharide, an inducer
of IL-1p, increases the number of absence seizures in

ABSENCE
EPILEPSY
presynaptic , postsynaptic
oétrocyte
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WAG/Rij rats (Kovécs et al. 2006), another well-established
model of absence epilepsy (Coenen & Van Luijtelaar 2003 ).

It is important to comment on the ability of the
gap-juction blocker carbenoxolone to drastically reduce
absence seizures in both rat (WAG/Rij) and mouse
(lethargic) models when it is injected intrathalamically
or systemically, respectively (Gareri et al. 2005). This
anti-absence effect of carbenoxolone has been explained
to result from a block of neuronal gap-juctions: indeed,
(1) in the reticular thalalmic nucleus there is a strong
immunosignal for the exclusively neuronal connexin 36
(Nagy & Rash 2000) and the presence of electrical coupling
among neurons of this thalamic nucleus has been directly
demonstrated (Landisman et al. 2002); and (2) a weak
expression of the neuronal (and astrocytic) connexin
45 (Nagy & Rash 2000; Sohl et al. 2005) as well as
electrophysiological and freeze-fracture evidence of gap
junctions among neurons of the sensory thalamic nuclei
have been reported (Hughes et al. 2004, 2011). However,
both the reticular thalamic nucleus and the sensory
thalamic nuclei also exhibit strong immunoreactivity
for the astroglia-specific connexin 30 and connexin 43
(Fig. 1) (Nagy & Rash 2000). Thus, astrocytic gap
junctions are as likely to be involved as neuronal gap
juctions in the anti-absence effect of carbenoxolone and
in the mechanisms underlying the expression of absence
seizures.

In summary, the work described above has highlighted
a number of novel astrocytic targets that may lead
to potential therapeutic avenues (Fig. 1). In particular,
novel substances that can either decrease gap-junction
communications (among astrocytes as well as neurons),
negatively interfere with the IL-18 pathway, increase
GAT-1 function or reduce the activity of extrasynaptic
GABA 4 receptors may prove useful in the pharmacological
rescue of clinical epileptic phenotypes of absence seizures.

TEMPORAL LOBE
EPILEPSY

presynaptic postsynaptic
iy
[ |

astrocyte

Figure 1. Astrocytic molecular players in absence and temporal lobe epilepsy

Absence epilepsy: in GABAergic synapses of the sensory thalamic nuclei, the function of the astrocytic GABA
transporter GAT-1 is reduced, while in the somatosensory cortex interleukin-18 (IL-1 B) levels are increased. A
clear contribution of astrocytic thalamic gap junctions, i.e. connexin (Cx) 30 and 43, to the generation of absence
seizures has also been shown. Temporal lobe epilepsy: hyperactive cortical glutamatergic neurons release ATP and
glutamate that activate metabotropic purinergic receptors (P2YR) and glutamate receptors (mGIuR) in astrocytes.
Activation of these receptors is coupled to intracellular [Ca2t] increases, which in turn trigger glutamate release
from glial cells thus engaging an excitatory loop with neurons.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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A potential mechanistic explanation of how the loss of
function of astrocytic GAT-1 and the resulting increase in
tonic GABA, inhibition lead to the expression of absence
seizures is depicted in Fig. 2.
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Figure 2. Astrocytic contribution to the mechanisms
underlying temporal lobe and absence epilepsy

Absence epilepsy: the generation of absence seizures involves
abnormal firing activity among cortical cells and neurons in the
thalamic reticular and sensory thalamic nuclei. During absence
seizures increased firing in GABAergic neurons of the thalamic
reticular nucleus (which is driven by the synchronized cortical input)
leads to enhanced GABA levels (curved arrows) in sensory thalamic
nuclei and the resulting increase in tonic GABAa current in
thalamocortical neurons since GAT-1 transporter function is
diminished (see Fig. 1). The increased tonic GABAa current reduces,
but does not abolish, firing in the thalamocortical neurons, while at
the same time blocks faithful transmission of sensory inputs and
reduces the effect of any potential increase in astrocytically released
glutamate on these neurons. On the other hand, the putative
increase in astrocytically released glutamate re-enforces synchronized
firing in reticular thalamic neurons. It is unlikely that any increased
astrocytically released GABA affects reticular thalamic neurons since
they show no tonic GABA current. It remains to be determined
whether similar alterations occur in the cortical territory. Temporal
lobe epilepsy: the generation of temporal lobe seizures involves
abnormal firing activity initially restricted to a group of cortical
neurons. Increased glutamate release activates local astrocytes,
which by releasing glutamate signal back to neurons, thus
enhancing their hyperactivity, and also signal to other astrocytes and
neurons in nearby regions increasing the probability of neuronal
recruitment into the epileptogenic focus.

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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Astrocytes and temporal lobe epilepsy

Among the most common and severe forms of convulsive
epilepsies is the temporal lobe epilepsy (TLE). The clinical
manifestation of this disorder is recurrent, unprovoked
seizures that arise as an intense, synchronous discharge
in a relatively high number of neurons from a restricted
region of the medial or lateral temporal lobe, i.e. the
epileptogenic focus, and eventually generalize to both
temporal lobes and extratemporal structures through a
progressive recruitment of other neuronal populations
(Traub & Wong 1982; Jefferys 1990; Avoli et al. 2002; Pinto
et al. 2005; Trevelyan et al. 2006).

Several different factors that are directly or indirectly
linked to neurons, such as ion channel mutations,
defects in cortical development and brain injuries, are
known to result in the excessive excitability of neurons
that characterizes a brain network prone to seizures.
Non-synaptic factors can also contribute. A role for
the non-neuronal cell astrocyte as a modulator of
epiletogenesis was proposed over 20 years ago and for
a long time this role was linked to the ability of astrocytes
to buffer both extracellular K* and glutamate that are
released in excess during epileptic discharges (Heinemann
et al. 1977; Heinemann 1986; Demarque et al. 2004; Xu
et al. 2009). Several studies performed in both animal
models and human epilepsy demonstrated, indeed, that a
defective K* buffering by astrocytes generates a hyper-
excitable neuronal network that can enhance seizure
generation (Wallraff et al. 2006; Djukic et al. 2007). The
demonstration that astrocytes can respond to neuro-
nal signals with Ca®t elevations and signal back to
neurons by releasing different gliotransmitters including
glutamate, D-serine, GABA and ATP hinted at a more
intriguing hypothesis of a direct role of this form of
astrocyte-to-neuron communication in the generation of
epileptiform activities. Among gliotransmitters, glutamate
has been revealed to have the potential to be significantly
involved in this action. The first, indirect clues for
such a role came from a number of different studies
performed in brain slice preparations. These studies
revealed that Ca’'-dependent glutamate release from
astrocytes modifies the probability of neurotransmitter
release (thus increasing the frequency of spontaneous
events and potentiating the evoked excitatory synaptic
response) by acting on presynaptic type I metabotropic
receptors (mGluRs) (Fiacco & McCarthy 2004; Perea
& Araque 2007) or N-methyl-D-aspartate receptors
(NMDARs) (Jourdain et al. 2007). Glutamate released
from activated astrocytes also potentiates or depresses
inhibitory transmission (Liu et al. 2004) via activation
of presynaptic kainate or mGlu type II and III receptor,
respectively. An additional target of astrocytic glutamate
is the postsynaptic membrane. Studies in cell cultures
(Araque et al. 1998) and brain slice preparations
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(Angulo et al. 2004; Fellin et al. 2004) revealed that
upon stimuli that trigger Ca®* elevations in astrocytes
very slow inward currents (SICs) could be recorded in
pyramidal neurons. The SICs that resulted were typically
insensitive to tetrodotoxin (TTX) and mediated by
extrasynaptically located N-methyl-D-aspartate glutamate
receptors (NMDARs) (Angulo et al. 2004; Fellin et al.
2004). The astrocytic origin of SICs was demonstrated
by a series of experiments which included photolysis
of a Ca*"-caged compound in single astrocytes (Fellin
et al. 2004). Beside in the hippocampus, SICs have been
described in other brain regions (Fellin 2009), including
thalamus (Parri et al. 2001), cortex (Ding et al. 2007),
nucleus accumbens (D’Ascenzo et al. 2007; Fellin et al.
2007), olfactory bulb (Kozlov et al. 2006) and brain-
stem (Reyes-Haro et al. 2010). In the context of a
possible involvement of this astrocyte-to-neuron signal
in the generation of epileptiform activities, noteworthy
is that: (1) SICs can depolarize the neuronal membrane
sufficiently to elicit bursts of action potentials (Fellin et al.
2006); (2) SICs can occur synchronously in two neurons
when their cell bodies are within about 100 um of one
another (Fellin et al. 2004); (3) the ability of astrocytes to
release D-serine, which is probably the endogenous ligand
on the so-called ‘glycine site’ of the NMDAR (Schell et al.
1995; Mothet et al. 2000), can be also be important in
SIC generation; (4) the Ca®t elevation that accompanies
SICs occurs simultaneously in small groups of adjacent
pyramidal neurons suggesting that astrocytic glutamate
can favour synchronous neuronal discharges (Fellin et al.
2004). Therefore, the release of glutamate from activated
astrocytes represents a non-neuronal source of excitation
in the neuronal network and a non-synaptic mechanism
of neuronal synchrony (Carmignoto & Zonta 2008) that
have the potential to enhance the generation epileptiform
activities.

This hypothesis was specifically addressed in a number
of subsequent studies but the results obtained were
controversial and fuelled an intense debate on the role
of astrocytes in epileptogenesis (D’Ambrosio 2006; Seifert
et al. 2006; Wetherington et al. 2008). In the first of these
studies, Tian et al. (2005) used different in vitro models
of epilepsy to show that the paroxysmal depolarising
shifts (PDSs), i.e. the cellular correlate of interictal events
recorded between seizures, are resistant to both TTX
and different Ca’* channel blockers that inhibit neuronal
action potential firing and synaptic release, respectively,
but are sensitive to antagonists of the glutamate receptors
AMPA and NMDA. These results suggested that PDSs
could be generated by a non-neuronal source of glutamate,
such as the astrocyte, and this possibility was confirmed
by the finding that Ca*" elevations triggered by photo-
lysis of Ca®*-caged compounds in individual astrocytes
were associated with events reminiscent of the PSDs
recorded in the field potentials and could reflect, or be
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caused by, NMDAR-mediated SICs (Tian et al. 2005). In
contrast, results obtained by Fellin et al. (2006) in the
low Mg?*/picrotoxin model showed that SICs evoked
by astrocytic glutamate are not required for epileptic
discharges because both the interictal, i.e. the PDSs, and
the ictal events were detected, although at a reduced
frequency, in the presence of the NMDAR antagonist
D-AP5. In the same model, after astrocytes’ Ca** elevations
were drastically reduced by slice perfusion with the
mGluR antagonist 2-methyl-6-(phenylethynyl)-pyridine
(MPEP), the frequency of interictal events was observed
to increase with respect to controls while the frequency
and duration of ictal events were reduced (Fig. 1)
(Gomez-Gonzalo et al. 2010). These results suggest that
astrocytic glutamate per se does not mediate interictal
events and rather that it may have a modulatory role
in the generation of ictal discharges (Fig. 2) (Fellin &
Haydon 2005; Fellin et al. 2006). Our recent work in
an entorhinal cortex (EC) slice model of focal epilepsy
provides support for such a role (Gomez-Gonzalo et al.
2010). In this model a propagating, focal seizure-like, ictal
discharge was observed to develop in the presence of the
proconvulsant 4-amino pyridine and low Mg*" after a
local NMDA stimulation of a small group of layer V-VI
neurons (Losi et al. 2010). We first found that a double,
but not a single, episode of NMDA stimulation regularly
evoked an ictal discharge and that the ictal discharge was
preceded by a massive Ca** elevations in astrocytes. When
these early Ca*" elevations in astrocytes were inhibited
by BAPTA (introduced in the astrocyte syncytium by
patching an individual astrocyte with a BAPTA-containing
pipette), the episode of neuronal hyperactivity induced
by double NMDA stimulations failed to generate an ictal
discharge. Thus, the early activation of the astrocytes
was not a mere consequence of the increased neuro-
nal activity and it rather had a causative role in the
generation of focal ictal discharges. It appears that when
astrocytes are consistently engaged by an episode of hyper-
activity in a group of neurons, they generate a feed-back
signal, i.e. Ca*"-dependent release of glutamate and/or
D-serine, that causes a larger population of neurons to
be recruited into a coherent synchronous activity. If
this feedback signal operates on a brain network prone
to seizures, it contributes to drive neurons towards the
ictal discharge threshold (Gomez-Gonzalo et al. 2010;
Losi et al. 2010). The initiation of an ictal discharge at
the epileptogenic focus may be thus represented also by
neurons that are secondarily activated in a recruitment
process that involves astrocytes. In support of this view,
when the neuronal network in the EC is rendered hyper-
excitable by slice perfusion with low Mg*"/picrotoxin,
a selective stimulation of astrocytes by the peptide
Thr-Phe-Leu-Leu-Arg-NH, (TFLLR) was sufficient to
initiate a propagating ictal discharge (Gomez-Gonzalo
et al. 2010). TFLLR is known to evoke glutamate release
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and neuronal SICs by activating the thrombin protease
activated receptor-1 (PAR-1) (Lee et al. 2007; Shigetomi
etal. 2008; Gomez-Gonzalo etal. 2010). All in all, this study
essentially shows that: (1) neuronal activity is critical for
the generation of a neuronal network prone to seizures and
that (2) astrocytes established with neurons a recurrent
excitatory loop that lowers the threshold for the focal
generation of seizure-like ictal discharges (Fig. 2).

Conclusions

The findings reviewed here highlight novel key elements of
the astrocytic involvement in absence epilepsy, including
GAT-1, connexin 30- and 43-based gap-junctions and the
IL-18 pathway, and in temporal lobe epilepsy, including
mGlu and the P2Y receptor-mediated pathways. Shifting
the focus from neurons to astrocyte—neuron interactions
(Steinhduser et al. 2012) has allowed us to ‘further
understand the neurobiology the epileptogenic brain and
the mechanisms underlying the emergence of seizures’
(Baulac & Pitkanen 2009), and thus to discover novel,
astrocyte-based, targets for the potential development
of those (fourth generation) antiepileptic drugs with
increased efficacy that expert groups have identified as one
of the key priorities for an improved clinical management
of convulsive and non-convulsive epilepsy (Baulac &
Pitkanen 2009; Loscher & Schmidt 2011; Galanopoulou
et al. 2012; Simonato et al. 2012).
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