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ABSTRACT

Epilepsy comprises a group of disorders characterized by the
periodic occurrence of seizures, and pathologic specimens
from patients with temporal lobe epilepsy demonstrate
marked reactive gliosis. Since recent studies have implicated
glial cells in novel physiological roles in the CNS, such as
modulation of synaptic transmission, it is plausible that glial
cells may have a functional role in the hyperexcitability
characteristic of epilepsy. Indeed, alterations in distinct
astrocyte membrane channels, receptors and transporters
have all been associated with the epileptic state. This review
integrates the current evidence regarding astroglial dysfunc-
tion in epilepsy and the potential underlying mechanisms of
hyperexcitability. Functional understanding of the cellular
and molecular alterations of astroglia-dependent hyperexcit-
ability will help to clarify the physiological role of astrocytes
in neural function as well as lead to the identification of
novel therapeutic targets.  ©2006 Wiley-Liss, Inc.

INTRODUCTION

Epilepsy (from Greek epilambanein, seize or attack),
affecting about 1% of the population, comprises a group
of disorders of the brain characterized by the periodic
and unpredictable occurrence of seizures. It is clear that
epilepsy is a major public health problem in that those
affected experience seizures which impair the perform-
ance of many tasks and secondarily the procurement
and maintenance of steady employment. Elucidating the
cellular and molecular mechanisms of seizure generation
may lead to novel antiepileptic drug (AED) therapies.

Most current AEDs act on widely expressed ion chan-
nels that directly control neuronal excitability (Rogawski
and Loscher, 2004). For example, sodium channel block-
ers (e.g. phenytoin) reduce the rate and/or rise of neuro-
nal action potentials and thus inhibit high-frequency
neuronal firing. GABA receptor agonists (e.g. phenobar-
bital) increase the efficacy of inhibitory synapses, thus
attenuating excitability. Existing medications have two
major drawbacks. First, even with optimal current AED
therapy, ~30% of patients have poor seizure control and
become medically refractory. Second, as many of these
nonspecific medications act as general CNS depressants
and must be taken chronically for seizure suppression,
they also have marked inhibitory effects on cognition.

Several recent lines of evidence suggest that glial cells
are potential novel targets for the treatment of CNS dis-
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eases. First, recent findings now link glial cells to modu-
lation of synaptic transmission (Volterra and Meldolesi,
2005; Volterra and Steinhauser, 2004). Second, functional
alterations of specific glial membrane channels, receptors
and transporters have been discovered in several neuro-
logical disorders, including epilepsy (de Lanerolle and
Lee, 2005; Heinemann et al., 2000; Seifert et al., 2006;
Steinhauser and Seifert, 2002). For example, direct sti-
mulation of astrocytes has been shown to be sufficient for
neuronal synchronization in acute epilepsy models (Tian
et al., 2005). Thus, if the cellular and molecular mechan-
isms by which glial cells (especially astrocytes) modulate
excitability are better understood, specific antiepileptic
therapies based selectively on modulation of glial recep-
tors and channels that are likely to have fewer deleteri-
ous side effects can be contemplated. In this review, we
describe the evidence to date regarding alterations and
functional roles of distinct astrocyte receptors, membrane
channels and transporters in epilepsy.

Two basic limitations of the topic covered here should
be considered. First, since the physiological conse-
quences of the intriguing bidirectional communication
between neurons and glial cells are still incompletely
understood, it is often unclear whether the glial changes
are causative of the disease or rather represent an
accompanying phenomenon. Second, it is becoming clear
that different types of cells with astroglial properties
exist within a given brain region, and that the proper-
ties of these cells vary in different areas. So far, we have
only rudimentary understanding of this glial diversity,
and most of the previous studies describing astroglial
alterations in epilepsy did not identify the specific cell
type affected. In this review, we refer to different types
of cells with astroglial properties as “astrocytes.”

GLIAL MORPHOLOGICAL CHANGES
IN TEMPORAL LOBE EPILEPSY

Alterations in astrocytic properties have been best
described in the specific case of human temporal lobe
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ASTROGLIAL FUNCTIONING DURING EPILEPSY

epilepsy. Temporal lobe epilepsy is the most common
form of epilepsy, and the most common pathology in
patients found in patients with medically-intractable
temporal lobe epilepsy is hippocampal sclerosis, more
generally termed mesial temporal sclerosis. Mesial tem-
poral sclerosis is characterized by neuronal cell loss in
specific hippocampal areas, gliosis, microvascular prolif-
eration, and synaptic reorganization (Blimcke et al.,
1999; Margerison and Corsellis, 1966; Mathern et al.,
1997). Early autopsy studies found mesial temporal scle-
rosis in 30-58% of temporal lobe epilepsy cases (Bratz,
1899; Margerison and Corsellis, 1966; Sommer, 1880);
and similar proportions have been found in examination
of specimens resected from patients undergoing surgery
for medically intractable temporal lobe epilepsy (de
Lanerolle et al., 2003; Falconer, 1974; Mathern et al.,
1997). One striking hallmark of the sclerotic hippocam-
pus is that while there is a specific pattern of neuronal
loss, there is also “reactive gliosis” with hypertrophic
glial cells exhibiting prominent GFAP staining and long,
thick processes. Only a few studies have attempted to
quantitate changes in astrocyte numbers and densities
in epileptic tissue (Briellmann et al., 2002; Krishnan
et al., 1994; Mitchell et al., 1999; Van Paesschen et al.,
1997). Most of the changes in astrocytic channels and
transporters described below have been discovered in
sclerotic hippocampi from temporal lobe epilepsy pa-
tients. However, the cellular and molecular processes
leading to astrocytic changes during epileptogenesis are
not yet understood.

GLIAL GLUTAMATE RECEPTORS,
TRANSPORTERS AND RELATED ENZYMES IN
TEMPORAL LOBE EPILEPSY
Dysfunction of Glutamate Transport
and Synthesis

Glutamate transporters are expressed by several CNS
cell types, but astrocytes are primarily responsible for
glutamate uptake. Important studies using mice with
deletion (Tanaka et al., 1997) or antisense oligonucleo-
tide-mediated inhibition of synthesis (Rothstein et al.,
1996) of the astroglial transporter GLT-1 revealed that
this subtype is responsible for the bulk of extracellular
glutamate clearance in the CNS (Danbolt, 2001). Several
studies have suggested an involvement of glutamate
transporters and receptors in seizure development and
spread. Increased extracellular levels of glutamate have
been found in epileptogenic foci (During and Spencer,
1993; Glass and Dragunow, 1995). GLT-1 knockout in
mice caused spontaneous seizures and hippocampal pa-
thology resembling alterations in temporal lobe epilepsy
patients with mesial temporal sclerosis (Tanaka et al.,
1997). Pharmacological inhibition of GLT-1 reduced the
threshold for evoking epileptiform activity (Campbell
and Hablitz, 2004); see also (Demarque et al., 2004) but
other animal studies were contradictory. Tessler and col-
leagues (Tessler et al.,, 1999) investigated transporter
expression on the mRNA and protein levels in human
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temporal lobe epilepsy specimens and found changes
neither for GLT-1 nor GLAST. However, two other
groups reported decreased GLT-1 protein as well as
unchanged (Mathern et al., 1999) or decreased (Proper
et al., 2002) GLAST immunoreactivity in the sclerotic
human hippocampus. The latter authors also noted an
up-regulation of GLT-1 in the non-sclerotic epileptic hip-
pocampus (Table 1). These findings supported the hy-
pothesis that reduced or dysfunctional glial glutamate
transporters in the hippocampus may trigger spontane-
ous seizures in patients with mesial temporal sclerosis
(During and Spencer, 1993), yet the underlying mechan-
isms are unclear. It has been proposed that the role of
glutamate transporters in epilepsy may not be related
directly to the control of excitation through synaptic glu-
tamate concentration but rather to alterations in gluta-
mate-dependent metabolism (Maragakis and Rothstein,
2004). In this context, the finding of a loss of glutamate
synthetase in the sclerotic vs. non-sclerotic hippocampus
of temporal lobe epilepsy patients (Eid et al., 2004)
deserves further consideration. After uptake of gluta-
mate into astrocytes, this enzyme rapidly converts the
transmitter into glutamine that is then transported to
neurons, where it may be resynthesised to glutamate.
Eid and co-workers did not observe epilepsy-related
changes in the expression of GLT-1. They concluded that
in the sclerotic tissue, downregulation of glutamate syn-
thetase caused a slowing of the glutamate-glutamine cy-
cling and accumulation of the transmitter in astrocytes
and in the extracellular space (Eid et al., 2004). This con-
clusion was compatible with findings in animal models
of epilepsy and earlier data demonstrating slowed gluta-
mate-glutamine cycling in sclerotic human epileptic hip-
pocampus with magnetic resonance spectroscopy (Petroff
et al., 2002). Whether activation of glutamate transpor-
ters, e.g. through B-lactam antibiotics (Rothstein et al.,
2005), might be beneficial in the treatment of epilepsies
remains a matter of further investigation.

Alterations of Ionotropic Glutamate Receptors

A few studies have addressed the potential involve-
ment of ionotropic glutamate receptors in seizure gen-
eration. Astrocytes abundantly express receptors of the
AMPA subtype composed of the subunits GluR1 to
GluR4 (reviewed by Verkhratsky and Steinhauser,
2000). Mouse mutants with deficient GluR2 Q/R editing
developed early-onset epilepsy with spontaneous and
recurrent seizure activity, suggesting that enhanced
Ca?" influx through the Q form of the GluR2 subunit of
AMPA receptors reduces seizure threshold (Brusa et al.,
1995). Astrocytes also carry the GluR2 subunit, but
altered glial GluR2 editing seems not to play a role in
human temporal lobe epilepsy. Rather, combined func-
tional and single-cell transcript analyses put forward
the idea that enhanced expression of GluR1 flip variants
accounts for the prolonged receptor responses observed in
hippocampal astrocytes of epilepsy patients with mesial
temporal sclerosis (Seifert et al., 2002; Seifert et al.,
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2004) (Table 1). This alteration in the splicing status of
AMPA receptors predicts enhanced depolarization upon
activation by endogenously released glutamate. Actually,
the GIluR1 flip variant, if co-expressed with GluR2 that
is most abundant in astroglial cells of rodent and human
hippocampus (Seifert et al., 1997), produces more incom-
plete receptor desensitization than GluR1 flop (Mosba-
cher et al., 1994). Prolonged receptor opening will pro-
mote influx of Ca®" and Na' ions, and the latter block
astroglial Kir channels (Schroder et al., 2002) which will
further strengthen depolarization and reduce the KV
buffering capacity of astrocytes. It is yet unknown
whether the changes in glial receptor function are caus-
ative of, or result from, the epileptic condition. Also, to
what extent alterations in glial GluR1 splicing contri-
bute to seizure generation or spread requires further
investigation. Astrocytes cultured from patients with
Rasmussen’s encephalitis, a rare form of childhood epi-
lepsy, showed spontaneous Ca®" oscillations that were
dependent on transmembrane influx of Ca®?" (Manning
and Sontheimer, 1997). The authors speculated that these
responses might promote neuronal hyperactivity, possi-
bly due to autocrine ionotropic glutamate receptor
stimulation by glutamate released from astrocytes.
Another study suggested that the destruction of astro-
cytes by GIluR3 antibodies plays a critical role in the
progression of this autoimmune disorder (Whitney and
McNamara, 2000).

Metabotropic Glutamate Receptors and Astroglial
Ca’" Signalling in Epilepsy

Under normal conditions, mGluR3 and mGIuR5 are
the predominant metabotropic glutamate receptor sub-
types expressed by glial cells. Activation of these recep-
tors affects cAMP accumulation and leads to an increase
in intracellular Ca®", respectively. Group II mGluRs
(mGluR 2, 3) have been shown to be negatively coupled
to cAMP levels in cultured astrocytes (Wroblewska et
al., 1998) although other studies reported increases in
cAMP levels (Moldrich et al., 2002; reviewed by Winder
and Conn, 1996). The Ca®" rise may oscillate and initiate
Ca®" wave propagation within the astrocyte network,
activate Ca®"-dependent ion channels and induce gluta-
mate release from astrocytes (Volterra and Meldolesi,
2005). In experimental epilepsy, reactive astrocytes of
the hippocampus persistently upregulate mGIuR3,
mGluR5 and mGluR8 protein (Steinhauser and Seifert,
2002). Electron-microscopic and immunohistochemical
inspection of hippocampal tissue from temporal lobe epi-
lepsy patients revealed expression of mGluR2/3, mGluR4,
mGluR5 and mGluR8 in reactive astrocytes, suggesting
an involvement of these receptors in gliosis (Notenboom
et al.,, 2006; Tang and Lee, 2001; Tang et al., 2001).
Upregulation of astroglial mGluR2/3 and mGluR5 was
also observed in epileptic specimens from patients with
focal cortical dysplasia (Aronica et al., 2003b) (Table 1).
Whether these changes affect the activity of glial gluta-
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mate transporters is currently under discussion (Aronica
et al., 2003a).

ASTROCYTIC GLUTAMATE RELEASE
IN EPILEPSY

Over the past few years, Ca®" signalling mechanisms
in astrocytes have received considerable attention. Of
particular importance is the novel observation that
astrocytes exhibit Ca®*-induced release of glutamate
which provides direct excitation to neighboring neurons
(Volterra and Meldolesi, 2005). Because of the observed
changes in protein expression within astrocytes follow-
ing injuries that lead to the development of epilepsy, it
is tempting to speculate that alterations in this glial-
derived excitatory pathway in coordination with reduc-
tions in glutamate uptake might provide an excitatory
drive underlying seizure disorders.

Astrocytes are capable of releasing glutamate through
a Ca?'-dependent process, which might be involved in
seizure generation (Kang et al., 2005). In chemically-
induced, acute epilepsy models, astrocytes were reported
to contribute to the generation of synchronized epilepti-
form activity (Tian et al., 2005). In these studies, epilep-
tiform discharges were provoked through the application
of 4-aminopyridine, GABA, receptor antagonists, or
bath solutions containing low concentrations of divalent
cations. Surprisingly, and in contrast to several previous
findings, the paroxysmal neuronal depolarization shifts
(PDSs) provoked under these conditions were largely
insensitive to TTX and also occurred after suppressing
synaptic activity. The authors then showed that astro-
cytic increase in [Ca®"]; is sufficient to stimulate release
of glutamate from glial cells, which was critical for the
generation of PDSs. This is also surprising because eli-
citing astrocyte Ca®" signals in numerous other studies
did not produce seizure discharges. In addition, in vivo
imaging showed that some antiepileptic drugs sup-
pressed astrocytic Ca®*-signalling. It has to be men-
tioned here that human epilepsy is associated with sig-
nificant morphological alterations (Blumcke et al., 2002;
de Lanerolle and Lee, 2005; Kim, 2001) that are absent
in the acute models. Certainly, more experimentation is
needed to figure out whether astrocytes represent tar-
gets for the development of anti-epileptic treatments.

ASTROCYTE POTASSIUM AND
WATER CHANNELS

Since both extracellular K™ concentration and osmo-
larity have been shown to dramatically modulate neural
excitability, it is plausible that changes in astrocytic K*
or water channels could contribute to hyperexcitability
in epilepsy. Indeed, recent studies have found changes
in astroglial Kir channels and AQP4 water channels in
temporal lobe epilepsy specimens.

GLIA DOI 10.1002/glia
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K" Channels

During neuronal hyperactivity, extracellular [K'] may
increase from ~3 mM to a ceiling of 10-12 mM; and K*
released by active neurons is thought to be primarily
taken up by glial cells (Ballanyi et al., 1987; Heinemann
and Lux, 1977; Somjen, 2002; Xiong and Stringer, 1999).
Any impairment of glial K" uptake would be expected to
be proconvulsant based on many previous studies. In
the hippocampus, millimolar and even submillimolar
increases in extracellular K™ concentration powerfully
enhance epileptiform activity (Feng and Durand, 2006;
Rutecki et al., 1985; Traynelis and Dingledine, 1988;
Yaari et al., 1986). High-K" also reliably induces epi-
leptiform activity in hippocampal slices from human
patients with intractable temporal lobe epilepsy and hip-
pocampal sclerosis (Gabriel et al., 2004).

A primary mechanism for K* reuptake is thought to
be via glial inwardly rectifying K channels (Kir chan-
nels). Glial Kir channels may contribute to K reuptake
and spatial K* buffering (Orkand et al., 1966; Ransom,
1996), which has been most clearly demonstrated in the
retina (Newman and Karwoski, 1989; Newman et al.,
1984; Newman, 1986; Newman, 1993). While multiple
subfamilies of Kir channels exist (Kirl-Kir7) differing in
tissue distribution and functional properties, in brain
astrocytes the expression of Kir4.1 has been investigated
most thoroughly (Hibino et al., 2004; Higashi et al.,
2001). Pharmacological or genetic inactivation of Kir4.1
leads to impairment of extracellular K' regulation
(Kofuji and Newman, 2004; Kofuji et al., 2000; Neusch
et al., 2006). However, members of the strongly rectify-
ing Kir2 family may also contribute to astroglial K* buf-
fering (Butt and Kalsi, 2006; Neusch et al., 2003).

Downregulation of astroglial Kir channels has been
found in the injured or diseased CNS. Kir currents are
reduced following injury-induced reactive gliosis in vitro
(MacFarlane and Sontheimer, 1997), entorhinal cortex
lesion (Schroder et al., 1999), freeze lesion-induced corti-
cal dysplasia (Bordey et al., 2000; Bordey et al., 2001),
and traumatic (D’Ambrosio et al., 1999) and ischemic
(Koller et al., 2000) brain injury. In addition, several
studies have indicated downregulation of Kir currents in
specimens from patients with temporal lobe epilepsy
(Bordey and Sontheimer, 1998b; Hinterkeuser et al.,
2000; Kivi et al., 2000; Schroder et al., 2000) (Table 1).
Using ion-sensitive microelectrodes, Heinemann’s group
compared glial Ba®"-sensitive K" uptake in the CAl
region of hippocampal slices obtained from patients with
or without mesial temporal sclerosis (Heinemann et al.,
2000; Kivi et al., 2000). Ba®", a blocker of Kir channels,
augmented stimulus-evoked K elevation in non-sclerotic
but not in sclerotic specimens, suggesting an impair-
ment in K buffering in sclerotic tissue. Direct evidence
for downregulation of Kir currents in the sclerotic CA1l
region of hippocampus came from a comparative patch-
clamp study in which a reduction in astroglial Kir
currents was observed in sclerotic compared with non-
sclerotic hippocampi (Hinterkeuser et al., 2000). These
data indicate that dysfunction of astroglial Kir channels
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could underlie impaired K* buffering and contribute to
hyperexcitability in epileptic tissue (Steinhduser and
Seifert, 2002). When and how this dysfunction develops
during epileptogenesis is not yet clear.

Water Channels

Alterations in astroglial water regulation could also
powerfully affect excitability. Brain tissue excitability is
exquisitely sensitive to osmolarity and the size of the
extracellular space (ECS) (Schwartzkroin et al., 1998).
Decreasing ECS volume produces hyperexcitability and
enhanced epileptiform activity (Chebabo et al., 1995;
Dudek et al., 1990; Pan and Stringer, 1996; Roper et al.,
1992); conversely, increasing ECS volume with hyperos-
molar medium attenuates epileptiform activity (Dudek
et al.,, 1990; Haglund and Hochman, 2005; Pan and
Stringer, 1996; Traynelis and Dingledine, 1989). These
experimental data parallel extensive clinical experience
indicating that hypo-osmolar states such as hyponatre-
mia lower seizure threshold while hyperosmolar states
elevate seizure threshold (Andrew et al., 1989).

The aquaporins (AQPs) are a family of membrane pro-
teins that function as “water channels” in many cell
types and tissues in which fluid transport is crucial
(Verkman, 2005). There is increasing evidence that
water movement in the brain involves aquaporin chan-
nels (Amiry-Moghaddam and Ottersen, 2003; Manley
et al., 2004). Aquaporin-4 (AQP4) is expressed ubiqui-
tously by glial cells, especially at specialized membrane
domains including astroglial endfeet in contact with
blood vessels and astrocyte membranes that ensheath
glutamatergic synapses (Nagelhus et al., 2004; Nielsen
et al., 1997). Activity-induced radial water fluxes in neo-
cortex have been demonstrated that could be due to
water movement via aquaporin channels in response to
physiological activity (Holthoff and Witte, 2000; Nier-
mann et al., 2001). Mice deficient in AQP4 have mark-
edly decreased accumulation of brain water (cerebral
edema) following water intoxication and focal cerebral
ischemia (Manley et al., 2000) and impaired clearance of
brain water in models of vasogenic edema (Papadopoulos
et al., 2004), suggesting a functional role for AQP4 in
brain water transport. Similarly, mice deficient in dys-
trophin or a-syntrophin, in which there is mislocaliza-
tion of the AQP4 protein (Frigeri et al., 2001; Neely
et al., 2001; Vajda et al., 2002), also demonstrate attenu-
ated cerebral edema (Amiry-Moghaddam et al., 2003a;
Vajda et al., 2002).

Alteration in the expression and subcellular localiza-
tion of AQP4 has been described in sclerotic hippocampi
obtained from patients with mesial temporal sclerosis
(Table I). Using immunohistochemistry, rt-PCR and gene
chip analysis, Lee et al. demonstrated an overall in-
crease in AQP4 expression in sclerotic hippocampi (Lee
et al., 2004). However, using quantitative immunogold
electron microscopy, the same group found that there
was mislocalization of AQP4 in the human epileptic
hippocampus, with reduction in perivascular membrane
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expression (Eid et al., 2005). The authors hypothesized
that the loss of perivascular AQP4 perturbs water flux,
impairs K' buffering, and results in an increased pro-
pensity for seizures.

Several lines of evidence support the hypothesis that
AQP4 and Kir4.1 may act in concert in K* and Hy0O
regulation (Simard and Nedergaard, 2004). First, K*
reuptake into glial cells could be AQP4-dependent, as
water influx coupled to K influx is thought to underlie
activity-induced glial cell swelling (Walz, 1987; Walz,
1992). Second, studies in the retina have demonstrated
subcellular co-localization of AQP4 and Kir4.1 via both
electron microscopic and co-immunoprecipitation analy-
ses (Connors et al., 2004; Nagelhus et al., 2004). Third,
Kir4.1”/~ mice, like AQP4~/~ mice (Li and Verkman,
2001; Li et al., 2002), have impaired retinal and cochlear
physiology presumably due to altered K™ metabolism
(Marcus et al., 2002; Rozengurt et al., 2003). Fourth,
AQP4™~ mice have remarkably slowed K' reuptake
in models of seizure and spreading depression in vivo
(Binder et al., 2006; Padmawar et al., 2005) associated
with a near-threefold increase in seizure duration
(Binder et al., 2006). Fifth, afferent stimulation of hippo-
campal slices from «-syntrophin-deficient mice demon-
strates a deficit in extracellular K" clearance (Amiry-
Moghaddam et al., 2003b). These data are consistent
with the idea that AQP4 and Kir4.1 participate in clear-
ance of K" following neural activity. However, further
studies are required to clarify the expression and func-
tional interaction of AQP4 and Kir4.1 in the hippocam-
pus and their changes during epileptogenesis.

ASTROCYTE DYSFUNCTION INVOLVED IN
OTHER EPILEPSY SYNDROMES
Tuberous Sclerosis

Tuberous sclerosis (TS) is a multisystem genetic dis-
order resulting from autosomal dominant mutations of
either the TSCI or TSC2 genes. The TSC1 gene encodes
the protein hamartin and TSC2 encodes tuberin, which
are thought to be regulators of cell signaling and growth
(Au et al., 2004). Epilepsy occurs in 80-90% of cases of
TS, frequently involves multiple seizure types and is of-
ten medically refractory (Thiele, 2004). Cortical tubers
represent the pathologic substrate of TS, and microsco-
pically consist of a specific type of dysplastic lesion with
astrocytosis and abnormal giant cells (Trombley and
Mirra, 1981). While this suggests that astrocytes are
involved in the pathologic lesion, in itself this is not evi-
dence for a causative role of astrocytes in TS epilepto-
genesis. However, recent evidence using astrocyte-speci-
fic TSC1 conditional knockout mice has provided insight
into a potential role of astrocytes in the etiology of TS.
These mice, which have conditional inactivation of
the TSC1I gene in GFAP-expressing cells (Tsc1%"APFCKO
mice), develop severe spontaneous seizures by 2 months
of age and die prematurely (Uhlmann et al., 2002). Intri-
guingly, the time point of onset of spontaneous seizures
in these mice is concordant with increased astroglial
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proliferation. Furthermore, two functions of astrocytes -
glutamate and K™ reuptake - are impaired in these mice.
These mice display reduced expression of the astrocyte
glutamate transporters GLT1 and GLAST (Wong et al.,
2003) (Table 1). In addition, recent evidence indicates
that astrocytes from TscI“FAPCKO mice exhibit reduced
Kir channel activity, and hippocampal slices from these
mice demonstrated increased sensitivity to K" -induced
epileptiform activity (Jansen et al., 2005) (Table 1). To-
gether, these studies demonstrate that in this model,
changes in glial properties may be a direct cause of epi-
leptogenesis.

Tumor-Associated Epilepsy

Tumor-associated epilepsy is an important clinical pro-
blem, seen in approximately one-third of cases (Ettinger,
1994; Rasmussen, 1975). Surgical removal of tumors
usually results in seizure control, but many tumors can-
not safely be resected, and tumor-associated seizures are
often resistant to anticonvulsant therapy. Classic epi-
lepsy-associated brain tumors include astrocytoma, oli-
godendroglioma, ganglioglioma, dysembryoplastic neu-
roepithelial tumor, and pleomorphic xanthoastrocytoma
(Luyken et al., 2003). Microdialysis studies of gliomas
have revealed reduced glutamate in the tumor compared
with peri-tumoral tissue (Bianchi et al., 2004). A “gluta-
mate hypothesis” of tumor-associated epilepsy has been
advanced which suggests that tumors excite surround-
ing tissue by glutamate overstimulation. Two lines of
evidence are relevant to this hypothesis. First, the gluta-
mate receptor subunit GluR2 has been found to be
underedited at the Q/R site in gliomas, which would
increase AMPA receptor Ca?" permeability and poten-
tially result in increased glutamate release by glioma
cells (Maas et al., 2001) (Table 1). Second, Sontheimer’s
group found that glioma cells release larger than normal
amounts of glutamate in vitro (Ye and Sontheimer,
1999). The release of glutamate from glioma cells was
accompanied by a marked deficit in Na*-dependent glu-
tamate uptake, reduced expression of astrocytic gluta-
mate transporters (Table 1), and upregulation of cystine-
glutamate exchange (Ye et al., 1999). Hence, glioma cell
glutamate release at the margins of the tumor may initi-
ate seizures in peritumoral neurons. A distinct potential
mechanism underlying tumor-associated epilepsy is al-
tered K" homeostasis. In support of this hypothesis,
both reduced Kir currents (Bordey and Sontheimer,
1998a) and mislocalization of Kir4.1 channels (Olsen
and Sontheimer, 2004) have been found in malignant
astrocytes (Table 1).

Post-Traumatic Epilepsy
Post-traumatic epilepsy refers to a recurrent seizure
disorder whose cause is believed to be traumatic brain
injury. It is a common and important form of epilepsy

(Frey, 2003; Garga and Lowenstein, 2006), and develops
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in a variable proportion of traumatic brain injury survi-
vors depending on the severity of the injury and the
time after injury (Annegers et al., 1998; Caveness et al.,
1979). Anticonvulsant prophylaxis is ineffective at pre-
venting the occurrence of late seizures (D’Ambrosio and
Perucca, 2004; Temkin et al., 1990; Temkin et al., 1999).
Weight-drop and fluid-percussion injury animal models
of post-traumatic epilepsy have demonstrated character-
istic structural and functional changes in the hippocam-
pus, such as death of dentate hilar neurons and mossy
fiber sprouting (Golarai et al., 2001; Lowenstein et al.,
1992; Santhakumar et al., 2001). Recently, studies have
also implicated altered astrocyte function in post-trau-
matic epilepsy models. Recordings from glial cells in hip-
pocampal slices 2 days after fluid-percussion injury
demonstrated reduction in transient outward and
inward K currents, and antidromic stimulation of CA3
led to abnormal extracellular K™ accumulation in post-
traumatic slices compared with controls (D’Ambrosio
et al.,, 1999) (Table 1). This was accompanied by the
appearance of electrical afterdischarges in CA3. Thus,
this study suggests impaired K™ homeostasis in post-
traumatic hippocampal glia. Another study demon-
strated reduction in expression of the astrocyte gluta-
mate transporter GLT1 in a post-traumatic epilepsy
model induced by intracortical ferrous chloride injection,
suggesting impaired glutamate transport (Samuelsson
et al., 2000) (Table 1). Further studies of the role of glial
cells in post-traumatic epilepsy appear warranted now
that reliable post-traumatic epilepsy animal models
have been developed (D’Ambrosio et al., 2004).

PERSPECTIVES AND FUTURE DIRECTIONS

Astrocytes undergo cellular and molecular changes in
epilepsy, including alteration in glutamate transporters
and receptors as well as Kir channels and water chan-
nels. So far, most of these changes have been de-
monstrated in sclerotic hippocampi from patients with
temporal lobe epilepsy or animal models resembling this
particular human condition. However, the various func-
tions of astrocytes in modulation of synaptic transmis-
sion and glutamate, K™ and HyO regulation suggest that
astrocyte dysfunction could also be part of the patho-
physiology of other forms of epilepsy.

One important recent development is the recognition
of structural and functional heterogeneity of cells with
astroglial properties. It is clear that a subset of hippo-
campal astroglial cells (“classical” astrocytes or GluT
cells) expresses glutamate transporters and not ionotro-
pic glutamate receptors and another (NG2 glia or GluR
cells) expresses ionotropic glutamate receptors but not
glutamate transporters (Matthias et al., 2003; Nishiyama
et al., 2005). However, the lineage relationship of NG2
glia/GluR cells and the relative roles of bona fide astro-
cytes versus NG2 glia/GluR cells in epilepsy still remain
unclear. In addition, the functional roles of ionotropic
glutamate receptors, Kir and AQP4 channels in these
subsets of glial cells in the hippocampus, are not yet
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understood. It is worth mentioning in this context that
hippocampal NG2 glia/GluR cells lack gap junctional cou-
pling but receive direct synaptic input from GABAergic
and glutamatergic neurons (Bergles et al., 2000; Jabs et
al., 2005; Lin and Bergles, 2004; Wallraff et al., 2004).
Gap junctions may also regulate excitability, although
available data are inconsistent and do not allow to esti-
mate the impact of their altered expression on epilepto-
genesis (Nemani and Binder, 2005; Steinhduser and
Seifert, 2002). The availability of mice with genetically
uncoupled astrocytes (Wallraff et al., 2006) will allow
examination of this question, by separating the effects
produced by alterations of neuronal versus glial gap junc-
tions. It will be important in future studies to examine
the cellular and molecular properties of subsets of hippo-
campal glial cells in human epileptic tissue and unravel
the course of their functional alterations during epilepto-
genesis in appropriate animal models.

Another recent focus in astrocyte biology that may
become important for epilepsy research is the “gliovas-
cular junction” (Simard et al., 2003). Microvascular pro-
liferation in the sclerotic hippocampus was noted as
early as 1899, but the role of the vasculature and the
blood-brain barrier in epilepsy is not yet clear. The inti-
mate relationship between astroglial endfeet ensheath-
ing blood vessels, the targeted expression of AQP4 and
Kir4.1 on astroglial endfeet, and the role of astrocytes in
blood-brain barrier permeability (Abbott, 2002) and con-
trol of microcirculation (Metea and Newman, 2006;
Mulligan and MacVicar, 2004; Takano et al., 2006; Zonta
et al., 2003) have only recently been appreciated. Local
pathological alterations in the gliovascular junction
could perturb blood flow, Kt and HyO regulation and
constitute an important mechanism in the generation of
hyperexcitability. Indeed, a recent study suggests that
transient opening of the blood-brain barrier is actually
sufficient for focal epileptogenesis (Seiffert et al., 2004).
The cellular and molecular roles of the gliovascular junc-
tion in metabolic homeostasis and changes during epi-
leptogenesis are only beginning to be explored.

In conclusion, the exact changes taking place in astro-
glial functioning during epilepsy are still poorly under-
stood. The term “reactive gliosis” is too descriptive and
should be replaced by careful morphological, biochemical,
and electrophysiological studies of identified glial cell
subtypes in human tissue and animal models. In addition
to changes in preexisting glial cell populations, newly-
generated glial cells with distinct properties may migrate
into the hippocampus and contribute to enhanced seizure
susceptibility (Hittmann et al., 2003; Parent et al,
2006). The available data likely represent only the “tip of
the iceberg” in terms of the functional role of astroglial
cells in epilepsy. In view of the many physiologic func-
tions of astrocytes that have been elucidated within the
past decade, it can be expected that the next few years
will yield evidence of similar important roles for glial
cells in pathophysiology. Further study of astrocyte
alterations in epilepsy should lead to the identification of
novel molecular targets that might open new avenues for
the development of alternative antiepileptic therapies.



ASTROGLIAL FUNCTIONING DURING EPILEPSY

ACKNOWLEDGMENTS

D.K.B. is supported by a Van Wagenen fellowship
from the American Association of Neurological Surgeons.
We apologize to all those whose work could not be dis-
cussed due to space constraints.

REFERENCES

Abbott NJ. 2002. Astrocyte—endothelial interactions and blood-brain
barrier permeability. J Anat 200:629-638.

Amiry-Moghaddam M, Otsuka T, Hurn PD, Traystman RJ, Haug FM,
Froehner SC, Adams ME, Neely JD, Agre P, Ottersen OP, Bhardwaj
A. 2003a. An a-syntrophin-dependent pool of AQP4 in astroglial end-
feet confers bidirectional water flow between blood and brain. Proc
Natl Acad Sci USA 100:2106-2111.

Amiry-Moghaddam M, Ottersen OP. 2003. The molecular basis of water
transport in the brain. Nat Rev Neurosci 4:991-1001.

Amiry-Moghaddam M, Williamson A, Palomba M, Eid T, de Lanerolle
NC, Nagelhus EA, Adams ME, Froehner SC, Agre P, Ottersen OP.
2003b. Delayed K clearance associated with aquaporin-4 mislocaliza-
tion: Phenotypic defects in brains of a-syntrophin-null mice. Proc
Natl Acad Sci USA 100:13615-13620.

Andrew RD, Fagan M, Ballyk BA, Rosen AS. 1989. Seizure susceptibil-
ity and the osmotic state. Brain Res 498:175-180.

Annegers JF, Hauser WA, Coan SP, Rocca WA. 1998. A population-
based study of seizures after traumatic brain injuries. N Engl J Med
338(1):20—24.

Aronica E, Gorter JA, Ijlst-Keizers H, Rozemuller AJ, Yankaya B,
Leenstra S, Troost D. 2003a. Expression and functional role of
mGluR3 and mGluR5 in human astrocytes and glioma cells: Opposite
regulation of glutamate transporter proteins. Eur J Neurosci 17:
2106-2118.

Aronica E, Gorter JA, Jansen GH, van Veelen CW, van Rijen PC,
Ramkema M, Troost D. 2003b. Expression and cell distribution
of group I, group II metabotropic glutamate receptor subtypes in
taylor-type focal cortical dysplasia. Epilepsia 44:785-795.

Au KS, Williams AT, Gambello MJ, Northrup H. 2004. Molecular
genetic basis of tuberous sclerosis complex: From bench to bedside.
J Child Neurol 19:699-709.

Ballanyi K, Grafe P, ten Bruggencate G. 1987. Ion activities and potas-
sium uptake mechanisms of glial cells in guinea-pig olfactory cortex
slices. J Physiol 382:159-174.

Bergles DE, Roberts JD, Somogyi P, Jahr CE. 2000. Glutamatergic
synapses on oligodendrocyte precursor cells in the hippocampus.
Nature 405:187-191.

Bianchi L, De Micheli E, Bricolo A, Ballini C, Fattori M, Venturi C,
Pedata F, Tipton KF, Della Corte L. 2004. Extracellular levels of
amino acids and choline in human high grade gliomas: An intrao-
perative microdialysis study. Neurochem Res 29:325-334.

Binder DK, Yao X, Sick TJ, Verkman AS, Manley GT. 2006. Increased
seizure duration and slowed potassium kinetics in mice lacking aqua-
porin-4 water channels. Glia 53:631-636.

Blumcke I, Beck H, Lie AA, Wiestler OD. 1999. Molecular neuropathol-
ogy of human mesial temporal lobe epilepsy. Epilepsy Res 36:205—-223.
Blumcke I, Thom M, Wiestler OD. 2002. Ammon’s horn sclerosis: A
maldevelopmental disorder associated with temporal lobe epilepsy.

Brain Pathol 12:199-211.

Bordey A, Hablitz JJ, Sontheimer H. 2000. Reactive astrocytes show
enhanced inwardly rectifying K* currents in situ. Neuroreport 11:
3151-3155.

Bordey A, Lyons SA, Hablitz JJ, Sontheimer H. 2001. Electrophysiologi-
cal characteristics of reactive astrocytes in experimental cortical dys-
plasia. J Neurophysiol 85:1719-1731.

Bordey A, Sontheimer H. 1998a. Electrophysiological properties of
human astrocytic tumor cells in situ: Enigma of spiking glial cells.
J Neurophysiol 79:2782-2793.

Bordey A, Sontheimer H. 1998b. Properties of human glial cells asso-
ciated with epileptic seizure foci. Epilepsy Res 32:286-303.

Bratz E. 1899. Ammonshornbefunde bei Epileptikern. Arch Psychiatr
Nervenkr 32:820-835.

Briellmann RS, Kalnins RM, Berkovic SF, Jackson GD. 2002. Hippo-
campal pathology in refractory temporal lobe epilepsy: T2-weighted
signal change reflects dentate gliosis. Neurology 58:265-271.

Brusa R, Zimmermann F, Koh DS, Feldmeyer D, Gass P, Seeburg PH,
Sprengel R. 1995. Early—onset epilepsy and postnatal lethality asso-
ciated with an editing—deficient GluR-B allele in mice. Science 270:
1677-1680.

365

Butt AM, Kalsi A. 2006. Inwardly rectifying potassium channels (Kir)in
central nervous system glia: A special role for Kir4.1 in glial func-
tions. J Cell Mol Med 10(1):33-44.

Campbell SL, Hablitz JJ. 2004. Glutamate transporters regulate excit-
ability in local networks in rat neocortex. Neuroscience 127:625-635.
Caveness WF, Meirowsky AM, Rish BL, Mohr JP, Kistler JP, Dillon JD,
Weiss GH. 1979. The nature of posttraumatic epilepsy. J Neurosurg

50:545-553.

Chebabo SR, Hester MA, Aitken PG, Somjen GG. 1995. Hypotonic expo-
sure enhances synaptic transmission and triggers spreading depres-
sion in rat hippocampal tissue slices. Brain Res 695:203-216.

Connors NC, Adams ME, Froehner SC, Kofuji P. 2004. The potassium
channel Kir4.1 associates with the dystrophin—glycoprotein complex
via a-syntrophin in glia. J Biol Chem 279:28387-28392.

D’Ambrosio R, Fairbanks JP, Fender JS, Born DE, Doyle DL, Miller
JW. 2004. Post-traumatic epilepsy following fluid percussion injury in
the rat. Brain 127(Part 2):304-314.

D’Ambrosio R, Maris DO, Grady MS, Winn HR, Janigro D. 1999.
Impaired K" homeostasis and altered electrophysiological properties
of post-traumatic hippocampal glia. J Neurosci 19:8152-8162.

D’Ambrosio R, Perucca E. 2004. Epilepsy after head injury. Curr Opin
Neurol 17:731-735.

Danbolt NC. 2001. Glutamate uptake. Prog Neurobiol 65(1):1-105.

de Lanerolle NC, Kim JH, Williamson A, Spencer SS, Zaveri HP, Eid T,
Spencer DD. 2003. A retrospective analysis of hippocampal pathology
in human temporal lobe epilepsy: Evidence for distinctive patient
subcategories. Epilepsia 44:677-687.

de Lanerolle NC, Lee TS. 2005. New facets of the neuropathology and
molecular profile of human temporal lobe epilepsy. Epilepsy Behav
7(2):190-203.

Demarque M, Villeneuve N, Manent JB, Becq H, Represa A, Ben-Ari Y,
Aniksztejn L. 2004. Glutamate transporters prevent the generation of
seizures in the developing rat neocortex. J Neurosci 24:3289-3294.

Dudek FE, Obenhaus A, Tasker JG. 1990. Osmolality—induced changes
in extracellular volume alter epileptiform bursts independent of
chemical synapses in the rat: Importance of non-synaptic mechan-
isms in hippocampal epileptogenesis. Neurosci Lett 120:267—-270.

During MJ, Spencer DD. 1993. Extracellular hippocampal glutamate
and spontaneous seizure in the conscious human brain. Lancet 341:
1607-1610.

Eid T, Lee TS, Thomas MJ, Amiry-Moghaddam M, Bjornsen LP,
Spencer DD, Agre P, Ottersen OP, de Lanerolle NC. 2005. Loss of
perivascular aquaporin 4 may underlie deficient water and K+ home-
ostasis in the human epileptogenic hippocampus. Proc Natl Acad Sci
USA 102:1193-1198.

Eid T, Thomas MdJ, Spencer DD, Runden-Pran E, Lai JC, Malthankar
GV, Kim JH, Danbolt NC, Ottersen OP, de Lanerolle NC. 2004. Loss
of glutamine synthetase in the human epileptogenic hippocampus:
Possible mechanism for raised extracellular glutamate in mesial tem-
poral lobe epilepsy. Lancet 363(9402):28-37.

Ettinger AB. 1994. Structural causes of epilepsy. Neurol Clin 12:41-56.

Falconer MA. 1974. Mesial temporal (Ammon’s horn) sclerosis as a com-
mon cause of epilepsy. Aetiology, treatment, and prevention. Lancet
2:767-770.

Feng Z, Durand DM. 2006. Effects of potassium concentration on firing
patterns of low—calcium epileptiform activity in anesthetized rat hippo-
campus: Inducing of persistent spike activity. Epilepsia 47:727-736.

Frey LC. 2003. Epidemiology of posttraumatic epilepsy: A critical re-
view. Epilepsia 44 (Suppl 10):11-17.

Frigeri A, Nicchia GP, Nico B, Quondamatteo F, Herken R, Roncali L,
Svelto M. 2001. Aquaporin-4 deficiency in skeletal muscle and brain
of dystrophic mdx mice. FASEB J 15(1):90-98.

Gabriel S, Njunting M, Pomper JK, Merschhemke M, Sanabria ER,
Eilers A, Kivi A, Zeller M, Meencke HJ, Cavalheiro EA, Heinemann
U, Lehmann TN. 2004. Stimulus and potassium—induced epileptiform
activity in the human dentate gyrus from patients with and without
hippocampal sclerosis. J Neurosci 24:10416-10430.

Garga N, Lowenstein DH. 2006. Posttraumatic epilepsy: A major pro-
blem in desperate need of major advances. Epilepsy Curr 6(1):1-5.

Glass M, Dragunow M. 1995. Neurochemical and morphological
changes associated with human epilepsy. Brain Res Brain Res Rev
21(1):29-41.

Golarai G, Greenwood AC, Feeney DM, Connor JA. 2001. Physiological
and structural evidence for hippocampal involvement in persistent
seizure susceptibility after traumatic brain injury. J Neurosci 21:
8523-8537.

Haglund MM, Hochman DW. 2005. Furosemide and mannitol suppres-
sion of epileptic activity in the human brain. J Neurophysiol 94:907—
918.

Heinemann U, Gabriel S, Jauch R, Schulze K, Kivi A, Eilers A, Kovacs
R, Lehmann TN. 2000. Alterations of glial cell function in temporal
lobe epilepsy. Epilepsia 41 (Suppl 6):S185—-S189.

GLIA DOI 10.1002/glia



366

Heinemann U, Lux HD. 1977. Ceiling of stimulus induced rises in
extracellular potassium concentration in the cerebral cortex of cat.
Brain Res 120:231-249.

Hibino H, Fujita A, Iwai K, Yamada M, Kurachi Y. 2004. Differential
assembly of inwardly rectifying K* channel subunits, Kir4.1 and
Kir5.1, in brain astrocytes. J Biol Chem 279:44065-44073.

Higashi K, Fuyjita A, Inanobe A, Tanemoto M, Doi K, Kubo T, Kurachi
Y. 2001. An inwardly rectifying K™ channel, Kir4.1, expressed in
astrocytes surrounds synapses and blood vessels in brain. Am J Phy-
siol Cell Physiol 281:C922-C931.

Hinterkeuser S, Schroder W, Hager G, Seifert G, Blumcke I, Elger CE,
Schramm J, Steinhduser C. 2000. Astrocytes in the hippocampus of
patients with temporal lobe epilepsy display changes in potassium
conductances. Eur J Neurosci 12:2087-2096.

Holthoff K, Witte OW. 2000. Directed spatial potassium redistribution
in rat neocortex. Glia 29:288-292.

Hittmann K, Sadgrove M, Wallraff A, Hinterkeuser S, Kirchhoff F,
Steinhduser C, Gray WP. 2003. Seizures preferentially stimulate pro-
liferation of radial glia-like astrocytes in the adult dentate gyrus:
Functional and immunocytochemical analysis. Eur J Neurosci 18:
2769-2778.

Jabs R, Pivneva T, Huttmann K, Wyczynski A, Nolte C, Kettenmann H,
Steinhauser C. 2005. Synaptic transmission onto hippocampal glial
cells with hGFAP promoter activity. J Cell Sci 118(Part 16):3791-3803.

Jansen LA, Uhlmann EJ, Crino PB, Gutmann DH, Wong M. 2005.
Epileptogenesis and reduced inward rectifier potassium current in
tuberous sclerosis complex—1—deficient astrocytes. Epilepsia 46:1871—
1880.

Kang N, Xu J, Xu Q, Nedergaard M, Kang J. 2005. Astrocytic gluta-
mate release—induced transient depolarization and epileptiform dis-
charges in hippocampal CA1l pyramidal neurons. J Neurophysiol 94:
4121-4130.

Kim JH. 2001. Pathology of epilepsy. Exp Mol Pathol 70:345-367.

Kivi A, Lehmann TN, Kovacs R, Eilers A, Jauch R, Meencke HdJ, von
Deimling A, Heinemann U, Gabriel S. 2000. Effects of barium on
stimulus—induced rises of [K'], in human epileptic non-sclerotic and
sclerotic hippocampal area CAl. Eur J Neurosci 12:2039-2048.

Kofuji P, Ceelen P, Zahs KR, Surbeck LW, Lester HA, Newman EA.
2000. Genetic inactivation of an inwardly rectifying potassium
channel (Kir4.1 subunit) in mice: Phenotypic impact in retina. J
Neurosci 20:5733-5740.

Kofuji P, Newman EA. 2004. Potassium buffering in the central nervous
system. Neuroscience 129:1045-1056.

Koller H, Schroeter M, Jander S, Stoll G, Siebler M. 2000. Time course
of inwardly rectifying K" current reduction in glial cells surrounding
ischemic brain lesions. Brain Res 872(1/2):194-198.

Krishnan B, Armstrong DL, Grossman RG, Zhu ZQ, Rutecki PA,
Mizrahi EM. 1994. Glial cell nuclear hypertrophy in complex partial
seizures. J Neuropathol Exp Neurol 53:502-507.

Lee TS, Eid T, Mane S, Kim JH, Spencer DD, Ottersen OP, de
Lanerolle NC. 2004. Aquaporin-4 is increased in the sclerotic hippo-
campus in human temporal lobe epilepsy. Acta Neuropathol (Berl)
108:493-502.

Li J, Patil RV, Verkman AS. 2002. Mildly abnormal retinal function in
transgenic mice without Miller cell aquaporin-4 water channels.
Invest Ophthalmol Vis Sci 43:573-579.

Li J, Verkman AS. 2001. Impaired hearing in mice lacking aquaporin-4
water channels. J Biol Chem 276:31233-31237.

Lin SC, Bergles DE. 2004. Synaptic signaling between GABAergic
interneurons and oligodendrocyte precursor cells in the hippocampus.
Nat Neurosci 7(1):24-32.

Lowenstein DH, Thomas MdJ, Smith DH, McIntosh TK. 1992. Selective
vulnerability of dentate hilar neurons following traumatic brain
injury: A potential mechanistic link between head trauma and disor-
ders of the hippocampus. J Neurosci 12:4846-4853.

Luyken C, Blumcke I, Fimmers R, Urbach H, Elger CE, Wiestler OD,
Schramm J. 2003. The spectrum of long-term epilepsy—associated
tumors: Long-term seizure and tumor outcome and neurosurgical
aspects. Epilepsia 44:822-830.

Maas S, Patt S, Schrey M, Rich A. 2001. Underediting of glutamate re-
ceptor GluR-B mRNA in malignant gliomas. Proc Natl Acad Sci USA
98:14687-14692.

MacFarlane SN, Sontheimer H. 1997. Electrophysiological changes that
accompany reactive gliosis in vitro. J Neurosci 17:7316-7329.

Manley GT, Binder DK, Papadopoulos MC, Verkman AS. 2004. New
insights into water transport and edema in the central nervous sys-
tem from phenotype analysis of aquaporin-4 null mice. Neuroscience
129:983-991.

Manley GT, Fujimura M, Ma T, Noshita N, Filiz F, Bollen AW, Chan P,
Verkman AS. 2000. Aquaporin-4 deletion in mice reduces brain
edema after acute water intoxication and ischemic stroke. Nat Med
6(2):159-163.

GLIA DOI 10.1002/glia

BINDER AND STEINHAUSER

Manning TdJ Jr, Sontheimer H. 1997. Spontaneous intracellular calcium
oscillations in cortical astrocytes from a patient with intractable
childhood epilepsy (Rasmussen’s encephalitis). Glia 21:332-337.

Maragakis NdJ, Rothstein JD. 2004. Glutamate transporters: Animal
models to neurologic disease. Neurobiol Dis 15:461-473.

Marcus DC, Wu T, Wangemann P, Kofuji P. 2002. KCNJ10 (Kir4.1)
potassium channel knockout abolishes endocochlear potential. Am J
Physiol Cell Physiol 282:C403-C407.

Margerison JH, Corsellis JA. 1966. Epilepsy and the temporal lobes. A
clinical, electroencephalographic and neuropathological study of the
brain in epilepsy, with particular reference to the temporal lobes.
Brain 89:499-530.

Mathern GW, Babb TL, Armstrong DL. 1997.Hippocampal sclerosis. In:
Engel J, Pedley TA, editors. Epilepsy: A comprehensive textbook. Phi-
ladelphia: Lippincott. pp 133—-155.

Mathern GW, Mendoza D, Lozada A, Pretorius JK, Dehnes Y, Danbolt
NC, Nelson N, Leite JP, Chimelli L, Born DE, Sakamoto AC, Assirati
JA, Fried I, Peacock WJ, Ojernann GA, Adelson PD. 1999. Hippocam-
pal GABA and glutamate transporter immunoreactivity in patients
with temporal lobe epilepsy. Neurology 52:453—472.

Matthias K, Kirchhoff F, Seifert G, Huttmann K, Matyash M,
Kettenmann H, Steinhduser C. 2003. Segregated expression of
AMPA-type glutamate receptors and glutamate transporters defines
distinct astrocyte populations in the mouse hippocampus. J Neurosci
23:1750-1758.

Metea MR, Newman EA. 2006. Glial cells dilate and constrict blood ves-
sels: A mechanism of neurovascular coupling. J Neurosci 26:2862—
2870.

Mitchell LA, Jackson GD, Kalnins RM, Saling MM, Fitt GJ, Ashpole
RD, Berkovic SF. 1999. Anterior temporal abnormality in temporal
lobe epilepsy: A quantitative MRI, histopathologic study. Neurology
52:327-336.

Moldrich RX, Aprico K, Diwakarla S, O’Shea RD, Beart PM. 2002.
Astrocyte mGlu(2/3)-mediated cAMP potentiation is calcium sensi-
tive: Studies in murine neuronal and astrocyte cultures. Neurophar-
macology 43(2):189-203.

Mosbacher J, Schoepfer R, Monyer H, Burnashev N, Seeburg PH,
Ruppersberg JP. 1994. A molecular determinant for submillisecond
desensitization in glutamate receptors. Science 266:1059—1062.

Mulligan SJ, MacVicar BA. 2004. Calcium transients in astrocyte
endfeet cause cerebrovascular constrictions. Nature 431(7005):195—
199.

Nagelhus EA, Mathiisen TM, Ottersen OP. 2004. Aquaporin-4 in the
central nervous system: Cellular and subcellular distribution and
coexpression with Kir4.1. Neuroscience 129:905-913.

Neely JD, Amiry-Moghaddam M, Ottersen OP, Froehner SC, Agre P,
Adams ME. 2001. Syntrophin—dependent expression and localization
of aquaporin-4 water channel protein. Proc Natl Acad Sci USA 98:
14108-14113.

Nemani VM, Binder DK. 2005. Emerging role of gap junctions in epi-
lepsy. Histol Histopathol 20:253-259.

Neusch C, Papadopoulos N, Muller M, Maletzki I, Winter SM,
Hirrlinger J, Handschuh M, Bahr M, Richter DW, Kirchhoff F, Huls-
mann S. 2006. Lack of the Kir4.1 channel subunit abolishes K* buf-
fering properties of astrocytes in the ventral respiratory group:
Impact on extracellular K regulation. J Neurophysiol 95:1843-1852.

Neusch C, Weishaupt JH, Bahr M. 2003. Kir channels in the CNS:
Emerging new roles and implications for neurological diseases. Cell
Tissue Res 311(2):131-138.

Newman EA. 1986. High potassium conductance in astrocyte endfeet.
Science 233:453, 454.

Newman EA. 1993. Inward-rectifying potassium channels in retinal
glial (Miller) cells. J Neurosci 13:3333-3345.

Newman EA, Frambach DA, Odette LL. 1984. Control of extracellular
potassium levels by retinal glial cell K" siphoning. Science 225:1174,
1175.

Newman EA, Karwoski CJ. 1989. Spatial buffering of light—evoked po-
tassium increases by retinal glial (Miiller) cells. Acta Physiol Scand
Suppl 582:51

Nielsen S, Nagelhus EA, Amiry-Moghaddam M, Bourque C, Agre P,
Ottersen OP. 1997. Specialized membrane domains for water trans-
port in glial cells: High-resolution immunogold cytochemistry of
aquaporin-4 in rat brain. J Neurosci 17(1):171-180.

Niermann H, Amiry-Moghaddam M, Holthoff K, Witte OW, Ottersen OP.
2001. A novel role of vasopressin in the brain: Modulation of activity—
dependent water flux in the neocortex. J Neurosci 21:3045-3051.

Nishiyama A, Yang Z, Butt A. 2005. Astrocytes and NG2-glia: What’s in
a name? J Anat 207:687-693.

Notenboom RG, Hampson DR, Jansen GH, van Rijen PC, van Veelen
CW, van Nieuwenhuizen O, de Graan PN. 2006. Up-regulation of
hippocampal metabotropic glutamate receptor 5 in temporal lobe epi-
lepsy patients. Brain 129 (Part 1):96-107.



ASTROGLIAL FUNCTIONING DURING EPILEPSY

Olsen ML, Sontheimer H. 2004. Mislocalization of Kir channels in ma-
lignant glia. Glia 46(1):63-73.

Orkand RK, Nicholls JG, Kuffler SW. 1966. Effect of nerve impulses on
the membrane potential of glial cells in the central nervous system of
amphibia. J Neurophysiol 29:788-806.

Padmawar P, Yao X, Bloch O, Manley GT, Verkman AS. 2005. K™ waves
in brain cortex visualized using a long—wavelength K*—sensing fluo-
rescent indicator. Nat Methods (in press).

Pan E, Stringer JL. 1996. Influence of osmolality on seizure amplitude
and propagation in the rat dentate gyrus. Neurosci Lett 207(1):9-12.
Papadopoulos MC, Manley GT, Krishna S, Verkman AS. 2004. Aqua-
porin-4 facilitates reabsorption of excess fluid in vasogenic brain

edema. FASEB J 18:1291-1293.

Parent JM, von dem Bussche N, Lowenstein DH. 2006. Prolonged sei-
zures recruit caudal subventricular zone glial progenitors into the
injured hippocampus. Hippocampus 16:321-328.

Petroff OA, Errante LD, Rothman DL, Kim JH, Spencer DD. 2002.
Glutamate—glutamine cycling in the epileptic human hippocampus.
Epilepsia 43:703-710.

Proper EA, Hoogland G, Kappen SM, Jansen GH, Rensen MG,
Schrama LH, van Veelen CW, van Rijen PC, van Nieuwenhuizen O,
Gispen WH, de Graan PN. 2002. Distribution of glutamate transpor-
ters in the hippocampus of patients with pharmaco-resistant tempo-
ral lobe epilepsy. Brain 125 (Part 1):32—43.

Ransom BR. 1996.Do glial gap junctions play a role in extracellular ion
homeostasis? In: Dermietzel R, Spray DC, editors. Gap junctions in
the nervous system. Georgetown, TX: Landes Bioscience. pp 159-173.

Rasmussen T. 1975. Surgery of epilepsy associated with brain tumors.
Adv Neurol 8:227-239.

Rogawski MA, Loscher W. 2004. The neurobiology of antiepileptic
drugs. Nat Rev Neurosci 5:553-564.

Roper SN, Obenhaus A, Dudek FE. 1992. Osmolality and nonsynaptic epi-
leptiform bursts in rat CA1 and dentate gyrus. Ann Neurol 31:81-85.
Rothstein JD, Dykes-Hoberg M, Pardo CA, Bristol LA, Jin L, Kuncl
RW, Kanai Y, Hediger MA, Wang Y, Schielke JP, Welty DF. 1996.
Knockout of glutamate transporters reveals a major role for astroglial
transport in excitotoxicity and clearance of glutamate. Neuron 16:

675-686.

Rothstein JD, Patel S, Regan MR, Haenggeli C, Huang YH, Bergles
DE, Jin L, Dykes Hoberg M, Vidensky S, Chung DS, Toan SV, Bruijn
LI, Su ZZ, Gupta P, Fisher PB. 2005. B-lactam antibiotics offer neuro-
protection by increasing glutamate transporter expression. Nature
433(7021):73-717.

Rozengurt N, Lopez I, Chiu CS, Kofuji P, Lester HA, Neusch C. 2003.
Time course of inner ear degeneration and deafness in mice lacking
the Kir4.1 potassium channel subunit. Hear Res 177(1/2):71-80.

Rutecki PA, Lebeda FdJ, Johnston D. 1985. Epileptiform activity induced
by changes in extracellular potassium in hippocampus. J Neurophy-
siol 54:1363-1374.

Samuelsson C, Kumlien E, Flink R, Lindholm D, Ronne-Engstrom E.
2000. Decreased cortical levels of astrocytic glutamate transport pro-
tein GLT-1 in a rat model of posttraumatic epilepsy. Neurosci Lett
289(3):185-188.

Santhakumar V, Ratzliff AD, Jeng J, Toth Z, Soltesz I. 2001. Long—term
hyperexcitability in the hippocampus after experimental head
trauma. Ann Neurol 50:708-717.

Schroder W, Hager G, Kouprijanova E, Weber M, Schmitt AB, Seifert
G, Steinhéduser C. 1999. Lesion—induced changes of electrophysiologi-
cal properties in astrocytes of the rat dentate gyrus. Glia 28(2):166—
174.

Schroder W, Hinterkeuser S, Seifert G, Schramm J, Jabs R, Wilkin GP,
Steinhduser C. 2000. Functional and molecular properties of human
astrocytes in acute hippocampal slices obtained from patients with
temporal lobe epilepsy. Epilepsia 41 (Suppl 6):5181-S184.

Schroder W, Seifert G, Huttmann K, Hinterkeuser S, Steinhauser C.
2002. AMPA receptor—mediated modulation of inward rectifier K"
channels in astrocytes of mouse hippocampus. Mol Cell Neurosci 19:
447-458.

Schwartzkroin PA, Baraban SC, Hochman DW. 1998. Osmolarity, ionic
flux, and changes in brain excitability. Epilepsy Res 32:275-285.

Seifert G, Huttmann K, Schramm J, Steinhduser C. 2004. Enhanced
relative expression of glutamate receptor 1 flip AMPA receptor subu-
nits in hippocampal astrocytes of epilepsy patients with Ammon’s
horn sclerosis. J Neurosci 24:1996-2003.

Seifert G, Rehn L, Weber M, Steinhduser C. 1997. AMPA receptor sub-
units expressed by single astrocytes in the juvenile mouse hippocam-
pus. Mol Brain Res 47(1/2):286-294.

Seifert G, Schilling K, Steinhduser C. 2006. Astrocyte dysfunction in
neurological disorders: A molecular perspective. Nat Rev Neurosci 7(3):
194-206.

Seifert G, Schroder W, Hinterkeuser S, Schumacher T, Schramm J,
Steinhauser C. 2002. Changes in flip/flop splicing of astroglial AMPA

367

receptors in human temporal lobe epilepsy. Epilepsia 43 (Suppl 5):
162-1617.

Seiffert E, Dreier JP, Ivens S, Bechmann I, Tomkins O, Heinemann U,
Friedman A. 2004. Lasting blood—brain barrier disruption induces
epileptic focus in the rat somatosensory cortex. J Neurosci 24:7829-
7836.

Simard M, Arcuino G, Takano T, Liu QS, Nedergaard M. 2003. Signal-
ing at the gliovascular interface. J Neurosci 23:9254-9262.

Simard M, Nedergaard M. 2004. The neurobiology of glia in the context
of water and ion homeostasis. Neuroscience 129:877-896.

Somjen GG. 2002. Ion regulation in the brain: Implications for patho-
physiology. Neuroscientist 8:254-267.

Sommer W. 1880. Erkrankung des Ammonshorn als aetiologisches
Moment der Epilepsie. Arch Psychiatr Nervenkr 10:631-675.

Steinhauser C, Seifert G. 2002. Glial membrane channels and receptors
in epilepsy: Impact for generation and spread of seizure activity. Eur
J Pharmacol 447:227-2317.

Takano T, Tian GF, Peng W, Lou N, Libionka W, Han X, Nedergaard
M. 2006. Astrocyte—-mediated control of cerebral blood flow. Nat Neu-
rosci 9:260—267.

Tanaka K, Watase K, Manabe T, Yamada K, Watanabe M, Takahashi
K, Iwama H, Nishikawa T, Ichihara N, Kikuchi T, Okuyama S,
Kawashima N, Hori S, Takimoto M, Wada K. 1997. Epilepsy and
exacerbation of brain injury in mice lacking the glutamate transpor-
ter GLT-1. Science 276:1699-1702.

Tang FR, Lee WL. 2001. Expression of the group II, III metabotropic
glutamate receptors in the hippocampus of patients with mesial tem-
poral lobe epilepsy. J Neurocytol 30(2):137-143.

Tang FR, Lee WL, Yeo TT. 2001. Expression of the group I metabotropic
glutamate receptor in the hippocampus of patients with mesial tem-
poral lobe epilepsy. J Neurocytol 30:403—411.

Temkin NR, Dikmen SS, Anderson GD, Wilensky AJ, Holmes MD,
Cohen W, Newell DW, Nelson P, Awan A, Winn HR. 1999. Valproate
therapy for prevention of posttraumatic seizures: A randomized trial.
J Neurosurg 91:593-600.

Temkin NR, Dikmen SS, Wilensky AdJ, Keihm J, Chabal S, Winn HR.
1990. A randomized, double-blind study of phenytoin for the preven-
tion of post—traumatic seizures. N Engl J Med 323:497-502.

Tessler S, Danbolt NC, Faull RL, Storm-Mathisen J, Emson PC. 1999.
Expression of the glutamate transporters in human temporal lobe
epilepsy. Neuroscience 88:1083-1091.

Thiele EA. 2004. Managing epilepsy in tuberous sclerosis complex.
J Child Neurol 19:680-686.

Tian GF, Azmi H, Takano T, Xu Q, Peng W, Lin J, Oberheim N, Lou N,
Wang X, Zielke HR, Kang J, Nedergaard M. 2005. An astrocytic basis
of epilepsy. Nat Med 11:973-981.

Traynelis SF, Dingledine R. 1988. Potassium—induced spontaneous elec-
trographic seizures in the rat hippocampal slice. J Neurophysiol 59:
259-276.

Traynelis SF, Dingledine R. 1989. Role of extracellular space in hyper-
osmotic suppression of potassium—induced electrographic seizures.
J Neurophysiol 61:927-938.

Trombley IK, Mirra SS. 1981. Ultrastructure of tuberous sclerosis: Cor-
tical tuber and subependymal tumor. Ann Neurol 9(2):174-181.

Uhlmann EJ, Wong M, Baldwin RL, Bajenaru ML, Onda H, Kwiat-
kowski DJ, Yamada K, Gutmann DH. 2002. Astrocyte—specific TSC1
conditional knockout mice exhibit abnormal neuronal organization
and seizures. Ann Neurol 52:285-296.

Vajda Z, Pedersen M, Fuchtbauer EM, Wertz K, Stodkilde-Jorgensen H,
Sulyok E, Doczi T, Neely JD, Agre P, Frokiaer J, Nielsen S. 2002.
Delayed onset of brain edema and mislocalization of aquaporin-4 in
dystrophin—null transgenic mice. Proc Natl Acad Sci USA 99:13131-
13136.

Van Paesschen W, Revesz T, Duncan JS, King MD, Connelly A. 1997.
Quantitative neuropathology and quantitative magnetic resonance
imaging of the hippocampus in temporal lobe epilepsy. Ann Neurol
42:756-766.

Verkhratsky A, Steinhaduser C. 2000. Ion channels in glial cells. Brain
Res Rev 32:380—412.

Verkman AS. 2005. More than just water channels: Unexpected cellular
roles of aquaporins. J Cell Sci 118 (Part 15):3225-3232.

Volterra A, Meldolesi J. 2005. Astrocytes, from brain glue to communi-
cation elements: The revolution continues. Nat Rev Neurosci 6:626—
640.

Volterra A, Steinhauser C. 2004. Glial modulation of synaptic transmis-
sion in the hippocampus. Glia 47:249-257.

Wallraff A, Kohling R, Heinemann U, Theis M, Willecke K, Steinhduser
C. 2006. The impact of astrocytic gap junctional coupling on potas-
sium buffering in the hippocampus. J Neurosci 17:5438-5497.

Wallraff A, Odermatt B, Willecke K, Steinhduser C. 2004. Distinct
types of astroglial cells in the hippocampus differ in gap junction cou-
pling. Glia 48(1):36—43.

GLIA DOI 10.1002/glia



368

Walz W. 1987. Swelling and potassium uptake in cultured astrocytes.
Can J Physiol Pharmacol 65:1051-1057.

Walz W. 1992. Mechanism of rapid K'—induced swelling of mouse astro-
cytes. Neurosci Lett 135(2):243-246.

Whitney KD, McNamara JO. 2000. GluR3 autoantibodies destroy
neural cells in a complement—dependent manner modulated by com-
plement regulatory proteins. J Neurosci 20(19):7307-7316.

Winder DG, Conn PJ. 1996. Roles of metabotropic glutamate receptors
in glial function and glial-neuronal communication. J Neurosci Res
46(2):131-137.

Wong M, Ess KC, Uhlmann EJ, Jansen LA, Li W, Crino PB, Mennerick S,
Yamada KA, Gutmann DH. 2003. Impaired glial glutamate transport in
a mouse tuberous sclerosis epilepsy model. Ann Neurol 54(2):251-256.

Wroblewska B, Santi MR, Neale JH. 1998. N-acetylaspartylglutamate
activates cyclic AMP—coupled metabotropic glutamate receptors in
cerebellar astrocytes. Glia 24(2):172—-179.

GLIA DOI 10.1002/glia

BINDER AND STEINHAUSER

Xiong ZQ, Stringer JL. 1999. Astrocytic regulation of the recovery of
extracellular potassium after seizures in vivo. Eur J Neurosci 11:
1677-1684.

Yaari Y, Konnerth A, Heinemann U. 1986. Nonsynaptic epileptogenesis
in the mammalian hippocampus in vitro. II. Role of extracellular po-
tassium J Neurophysiol 56:424-438.

Ye ZC, Rothstein JD, Sontheimer H. 1999. Compromised glutamate
transport in human glioma cells: Reduction—mislocalization of so-
dium—dependent glutamate transporters and enhanced activity of
cystine—glutamate exchange. J Neurosci 19:10767-10777.

Ye ZC, Sontheimer H. 1999. Glioma cells release excitotoxic concentra-
tions of glutamate. Cancer Res 59:4383-4391.

Zonta M, Angulo MC, Gobbo S, Rosengarten B, Hossmann KA, Pozzan
T, Carmignoto G. 2003. Neuron-to-astrocyte signaling is central
to the dynamic control of brain microcirculation. Nat Neurosci 6:43—
50.



