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The possibility that inflammatory processes in the brain contribute to the etiopathogenesis of seizures and
the establishment of a chronic epileptic focus is increasingly recognized as a result of supportive evidence in
experimental models and in the clinical setting. Prototypical inflammatory cytokines (such as IL-1beta) and
“danger signals” (such as HMGB1 and S100beta) are overexpressed in human and experimental epileptogen-
ic tissue, prominently by glia. Neurons and endothelial cells of the blood-brain barrier contribute to inflam-
matory processes. All these cell types also express receptors for inflammatory mediators, suggesting that
inflammatory molecules in the brain exert both autocrine and paracrine activation of intracellular signaling
cascades; thus, they may act as soluble mediators of cell communication in diseased tissue.

In experimental models, seizures also trigger brain inflammation in the absence of cell loss; in human
epileptogenic tissue, the type of neuropathology associated with chronic seizures contributes to determine
the type of cells expressing the inflammatory mediators, and the extent to which inflammation occurs.

Inflammatory molecules, such as IL-1beta and HMGB1, have proconvulsant activity in various seizure
models, most likely by decreasing seizure threshold via functional interactions with classical neurotrans-
mitter systems. These findings reveal novel glioneuronal communications in epileptic tissue that highlight

potential new targets for therapeutic intervention.

Inflammation has been implicated in the progressive nature of
neurodegenerative diseases (1), and inflammatory processes
are now considered key contributors to acute and chronic
neurodegenerative disorders, such as ischemic stroke and
Alzheimer’s disease (2). In the last decade, experimental and
clinical findings support a crucial role of inflammatory pro-
cesses in epilepsy (3), in particular in the mechanisms underly-
ing the generation of seizures. Since inflammation represents
a homeostatic response to brain injury or pathological threats,
its involvement in epilepsy should be envisaged when the
extent or duration of inflammatory processes in brain tissue is
exceeding the homeostatic threshold.

Sources and Targets of Cytokines and Inflammatory
Mediators in Epileptic Tissue

Experimental evidence in rodents demonstrates that seizures
induce high levels of inflammatory mediators in brain regions
involved in the generation and propagation of epileptic
activity. In particular, a rapid-onset inflammatory response is
triggered in glia by seizures induced by chemoconvulsants

or electrical stimulation (4-11). Prototypic inflammatory
cytokines—such as interleukin(IL)-1B, IL-6 and TNF-a—are
upregulated in activated microglia and astrocytes, and then
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trigger a cascade of downstream inflammatory events that
also involves neurons and endothelial cells of the blood-brain
barrier (BBB) (i.e., activation of NFkB, COX-2, complement
system, chemokines, acute phase proteins) (3,10,12). The rapid
release of high-mobility-group box 1 (HMGB1) from neurons,
microglia, and astrocytes following proconvulsant injuries, and
its activation of Toll-like receptor (TLR) signaling in astrocytes
and neurons has been proposed as a crucial event for initiating
brain inflammation and decreasing seizure threshold (13).
HMGB?1 is considered to be a danger signal released from
injured or stressed cells to alert the microenvironment of an
immediate or ongoing injury. Its interaction with cognate TLR4
triggers innate immune mechanisms in tissue and activates
the related inflammatory events (14). Penetration into the
brain parenchyma of leukocytes has also been described after
seizure occurrence (10,15-19; for review, see 3), likely as a
consequence of activation of innate immunity in the brain (i.e.,
microglia and astrocytes derived inflammatory mediators) and
upregulation of adhesion molecules in endothelial cells of the
BBB.

Investigation of the pattern of expression of cytokine
receptors in seizures has given information on the cell popula-
tions targeted by the cytokines. IL-1R1, which mediates the
biological responses to IL-1, is rapidly increased in neurons
after seizures, as well as later in astrocytes (8, 15), thus indicat-
ing both paracrine and autocrine actions of IL-1(3 acting as a
soluble mediator of glioneuronal communications in epilep-
togenic tissue. Strong IL-1f and IL-1R1 immunoreactivity is



Epilepsy and Inflammation in the Brain

found also in perivascular astrocytes and in endothelial cells
of the microvasculature; these changes are associated with
evidence of albumin extravasation in brain tissue reflecting
BBB breakdown (15). Cytokines can indeed affect the permea-
bility properties of the BBB via disruption of the tight-junction
organization or production of nitric oxide and activation of
matrix methalloproteinases in endothelial cells (for review, see
2). Alterations in BBB permeability favors neuronal hyperexcit-
ability (for review, see 20), by resulting in albumin extravasa-
tion and its astrocytic uptake; this phenomenon compromises
astrocytes ability to buffer extracellular K" and to reuptake
extracellular glutamate (21-23; for review, see 24). The extent
of BBB leakage positively correlates with the frequency of
spontaneous seizures in rats suggesting a reciprocal cause—ef-
fect relationship (25).

Inflammation in Human Epileptic Brain

The activation of both innate and adaptive immune systems
has been described in human epilepsy. The analysis of brain
specimens from drug-refractory epileptic patients showed
upregulation of IL-13 and HMGB1 and their receptors IL-1R1
and TLR4, in glia and neurons in epileptogenic tissue. This sug-
gests that the activation of these signaling pathways occurs in
human epilepsy (13,15, 17, 18, 26, 27).

Moreover, upregulation of complement system and COX-2
were also shown in parenchymal brain cells (28-30). Note-
worthy, in epilepsy associated with malformations of cortical
development, a positive correlation was found between the
percentage of IL-1B-positive brain cells and the frequency of
seizures prior to surgical resection (27). Cells of adaptive im-
munity were detected in some but not all types of epilepsy; for
example, a notable absence of lymphocytes was described in
temporal lobe epilepsy specimens (15), and this is clearly dif-
ferent from Rasmussen’s encephalitis or from epilepsies associ-
ated with malformations of cortical development where these
cells were found often in close apposition with degenerating
or dysmorphic neurons (17, 18, for review, see 31).

The finding that inflammatory events persist during epilep-
togenesis in experimental models—thus outlasting the initial
precipitating event (e.g., status epilepticus, prolonged febrile
seizures) (6, 15, 32)—suggests that inflammatory processes
may precede the onset of epilepsy in humans, possibly playing
an etiopathogenetic role in the occurrence of spontaneous sei-
zures. The use of transgenic mice overexpressing TNF-o. or IL-6
indicates that a chronic inflammatory state in the brain can
indeed predispose to the occurrence of seizures (33-36). Fur-
ther, long-term increase in brain excitability was demonstrated
in rodents after systemic administration of lipopolysaccharide
(LPS), a proinflammatory agent mimicking bacterial infection
that induces both systemic and brain inflammation (37).

Functional and Pharmacological Studies in Experimental
Models

The role of inflammatory molecules in seizures has been
investigated using genetically modified mice with perturbed
inflammatory systems or by pharmacological means to specifi-
cally block inflammatory pathways. The application of proin-
flammatory molecules—such as IL-13 (11, 38), HMGB1 (13),
complement system component (39), or specific prostaglan-
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dins (28, 40) in rodent brains—can result in receptor-mediated
proconvulsant effects. In contrast, the intracerebral injection
of specific antagonists of some of these proinflammatory
molecules (or interference with related intracellular signaling
pathways) mediates powerful anticonvulsant effects (4, 13, 38,
41-45). As an example, the injection of IL-1f in rodent brain
increases seizure frequency induced by the glutamate analog
kainic acid or the GABA, antagonist bicuculline (11, 45). Impor-
tantly, the intracerebral injection of the endogenous receptor
antagonist of IL-1(, IL-1ra, mediates powerful anticonvulsant
effects (41, 45); furthermore, transgenic mice overexpressing
IL-Tra in astrocytes have a reduced susceptibility to seizures
(45), demonstrating that IL-1B contributes to seizures in these
models. Accordingly, selective blockade or gene deletion

of interleukin-converting enzyme (ICE or caspase-1)—the
enzyme that produces the biologically active form of IL-1—
reduces seizures significantly in acute models and in chronic
epileptic mice (46, 47).

Since IL-1f acts as pyrogen after its central or systemic ad-
ministration, recent studies have addressed the possibility that
the increase in IL-1B during fever evokes seizures in immature
rodent brain (48, 49): Intracerebral application of IL-15 reduced
the threshold to seizures in two models of febrile convulsions
caused by hyperthermia (48) or by LPS (49). Moreover, mice
with a deletion of the IL-1R1 gene were resistant to induction
of hyperthermia-induced seizure, thus demonstrating the
significant contribution of IL-13 (48).

Role of Cytokines in Neuronal Excitability

In addition to the classical induction of NFkB-mediated gene
transcription described during peripheral inflammation, non-
conventional intracellular signaling pathways are activated by
proinflammatory mediators in the epileptogenic tissue. These
novel mechanisms are likely to contribute to neuronal hyper-
excitability underlying seizures, mediating at least part of the
inflammation related glioneuronal interactions that have a role
in decreasing seizure threshold.

For example, recent evidence demonstrates that IL-13 ac-
tivation of neuronal IL-1R1 induces Src kinase-mediated tyro-
sine phosphorylation of the NR2B subunit of the N-methyD-
aspartate (NMDA) receptor, a key glutamate receptor
involved in seizures. As a consequence of this action, NMDA
receptor-mediated Ca** influx into neurons is enhanced by
IL-1B, and this effect plays a role in promoting excitotoxic-
ity (50) and seizure generation (38). This mechanism is also
shared by HMGBT1, another proinflammatory molecule that is
implicated in experimental seizure precipitation and recur-
rence (13).

Activation of other kinase families (e.g., MAPK, PKA, PKC)
by proinflammatory molecules has been implicated in rapid
posttranslational changes in voltage-dependent Ca**, Na*, and
K" ion channels with significant impacts on neuronal excitabil-
ity (28, 51).

IL-1B can also inhibit the astrocytic reuptake of gluta-
mate (52, 53) and increases its glial release possibly via TNF-a
production (54), resulting in elevated extracellular glutamate
levels. It has been recently reported that the astrocytic glu-
tamate release may have a role in the genesis or strength of
seizure-like events (55, 56).
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Figure 1. Pathophysiological cascade of events leading from inflammation to epilepsy. See Conclusion section for explanation.

These neuronal and astrocytic effects of IL-1(3 underlie its
proconvulsant activity via an increase in glutamatergic trans-
mission. IL-1P can also inhibit GABA-mediated Cl_ fluxes, thus
possibly reducing inhibitory transmission (57, 58).

Long-term transcriptional events may also occur due to the
presence of inflammatory molecules in the brain, which would
result in activation of genes involved in plasticity phenomena
underlying epileptogenesis (3, 59).

Conclusions

Various brain insults—such as neurotrauma, stroke, infection,
perinatal injury, febrile seizures, and status epilepticus—can
induce inflammation in the brain (31), and these injuries in
humans represent risk factors for the development of epilepsy.
This evidence suggests that an epileptogenic event, even if
subclinical, occurring at birth or during the lifetime may initi-
ate a cascade of chronic inflammatory processes in the CNS
that contributes to the onset of epilepsy (Figure 1).

The initiation of an inflammatory response in the brain
can be envisaged as a consequence of an intrinsic “injurious”
event, or the initial challenge may originate within peripheral
lymphoid tissues; for example, when epilepsy evolves after
systemic infectious diseases, encephalitis, or in prolonged
seizures associated with fever. Experimental studies show
that once seizures develop, they can contribute to perpetuate
inflammation in the brain via mechanism(s) which are being
investigated (13).

In the clinical setting, steroids and ACTH display an-
ticonvulsant activity and may control seizures that are
otherwise refractory to classical antiepileptic drugs (3), and
these effects, at least in part, may be mediated by their
anti-inflammatory properties. Further investigations into
the role of cytokines—and more broadly into inflammatory
mediators—in epilepsy may add important insights not only
into the mechanisms of seizure generation but also for the
development of innovative strategies to block activation of
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inflammatory signaling in diseased conditions, thus high-
lighting potential new targets for therapeutic intervention,
particularly for epileptic patients not responding to conven-
tional antiepileptic drugs.

References

1.

Griffin WS. Inflammation and neurodegenerative diseases. Am J Clin
Nutr 2006;83:4705-474S.

. Allan SM, Tyrrell PJ, Rothwell NJ. Interleukin-1 and neuronal injury. Nat

RevIimmunol 2005;5:629-640.

. Vezzani A, French J, Bartfai T, Baram TZ. The role of inflammation in

epilepsy. Nat Rev Neurol 2011;7:31-40.

. De Simoni MG, Perego C, Ravizza T, Moneta D, Conti M, Marchesi F,

De Luigi A, Garattini S, Vezzani A. Inflammatory cytokines and related
genes are induced in the rat hippocampus by limbic status epilepti-
cus. Eur J Neurosci 2000;12:2623-2633.

. Eriksson C, Van Dam AM, Lucassen PJ, Bol JG, Winblad B, Schultzberg

M. Immunohistochemical localization of interleukin-1beta, interleu-
kin-1 receptor antagonist and interleukin-1beta converting enzyme/
caspase-1 in the rat brain after peripheral administration of kainic
acid. Neuroscience 1999;93:915-930.

. Gorter JA, van Vliet EA, Aronica E, Breit T, Rauwerda H, Lopes Da Silva

FH, Wadman WJ. Potential new antiepileptogenic targets indicated
by microarray analysis in a rat model for temporal lobe epilepsy. J
Neurosci 2006;26:11083-11110.

. Plata-Salaman CR, llyin SE, Turrin NP, Gayle D, Flynn MC, Romanovitch

AE, Kelly ME, Bureau Y, Anisman H, Mcintyre DC. Kindling modulates
the IL-1beta system, TNF-alpha, TGF-betal, and neuropeptide mRNAs
in specific brain regions. Brain Res Mol Brain Res 2000;75:248-258.

. Ravizza T, Vezzani A. Status epilepticus induces time-dependent

neuronal and astrocytic expression of interleukin-1 receptor type | in
the rat limbic system. Neuroscience 2006;137:301-308.

. Shinoda S, Skradski SL, Araki T, Schindler CK, Meller R, Lan JQ, Taki W,

Simon RP, Henshall DC. Formation of a tumour necrosis factor recep-
tor 1 molecular scaffolding complex and activation of apoptosis
signal-regulating kinase 1 during seizure-induced neuronal death.
EurJ Neurosci 2003;17:2065-2076.

. Turrin NP, Rivest S. Innate immune reaction in response to seizures:

Implications for the neuropathology associated with epilepsy. Neuro-
biol Dis 2004;16:321-334.

. Vezzani A, Conti M, De Luigi A, Ravizza T, Moneta D, Marchesi F, De

Simoni MG. Interleukin-Tbeta immunoreactivity and microglia are
enhanced in the rat hippocampus by focal kainate application:
Functional evidence for enhancement of electrographic seizures. J
Neurosci 1999;19:5054-5065.

. Jankowsky JL, Patterson PH. The role of cytokines and growth factors

in seizures and their sequelae. Prog Neurobiol 2001;63:125-149.

. Maroso M, Balosso S, Ravizza T, Liu J, Aronica E, lyer AM, Rossetti

C, Molteni M, Casalgrandi M, Manfredi AA, Bianchi ME, Vezzani A.
Toll-like receptor 4 and high-mobility group box-1 are involved
in ictogenesis and can be targeted to reduce seizures. Nat Med
2010;16:413-419.

. Bianchi ME, Manfredi AA. High-mobility group box 1 (HMGB1)

protein at the crossroads between innate and adaptive immunity.
Immunol Rev 2007;220:35-46.

. Ravizza T, Gagliardi B, Noé F, Boer K, Aronica E, Vezzani A. Innate

and adaptive immunity during epileptogenesis and spontaneous
seizures: Evidence from experimental models and human temporal
lobe epilepsy. Neurobiol Dis 2008;29:142-160.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

ANV

. Fabene PF Mora GN, Martinello M, Rossi B, Merigo F, Ottoboni L,

Bach S, Angiari S, Benati D, Chakir A, Zanetti L, Schio F, Osculati

A, Marzola P, Nicolato E, Homeister JW, Xia L, Lowe JB, Mcever

RP, Osculati F, Sbarbati A, Butcher EC, Constantin G. A role for
leukocyte-endothelial adhesion mechanisms in epilepsy. Nat Med
2008;14:1377-1383.

. Boer K, Jansen F, Nellist M, Redeker S, Van Den Ouweland AM, Spliet

WG, Van Nieuwenhuizen O, Troost D, Crino PB, Aronica E. Inflamma-
tory processes in cortical tubers and subependymal giant cell tumors
of tuberous sclerosis complex. Epilepsy Res 2008;78:7-21.

. lyer A, Zurolo E, Spliet WG, Van Rijen PC, Baayen JC, Gorter JA, Aronica

E. Evaluation of the innate and adaptive immunity in type | and type
Il focal cortical dysplasias. Epilepsia 2010;51:1763-1773.

. Nguyen MD, Julien JP, Rivest S. Innate immunity: The missing link

in neuroprotection and neurodegeneration? Nat Rev Neurosci
2002;3:216-227.

Oby E, Janigro D. The blood-brain barrier and epilepsy. Epilepsia
2006;47:1761-1774.

Seiffert E, Dreier JP, Ivens S, Bechmann |, Tomkins O, Heinemann U,
Friedman A. Lasting blood-brain barrier disruption induces epileptic
focus in the rat somatosensory cortex. J Neurosci 2004;24:7829-7836.
Ivens S, Kaufer D, Flores LP, Bechmann |, Zumsteg D, Tomkins O,
Seiffert E, Heinemann U, Friedman A. TGF-beta receptor-mediated
albumin uptake into astrocytes is involved in neocortical epilepto-
genesis. Brain 2007;130:535-547.

Cacheaux LP, Ivens S, David Y, Lakhter AJ, Bar-Klein G, Shapira M,
Heinemann U, Friedman A, Kaufer D. Transcriptome profiling reveals
TGF-beta signaling involvement in epileptogenesis. J Neurosci
2009;29:8927-8935.

Friedman A, Kaufer D, Heinemann U. Blood-brain barrier breakdown-
inducing astrocytic transformation: Novel targets for the prevention
of epilepsy. Epilepsy Res 2009;85:142-149.

van Vliet EA, Da Costa Araujo S, Redeker S, Van Schaik R, Aronica E,
Gorter JA. Blood-brain barrier leakage may lead to progression of
temporal lobe epilepsy. Brain 2007;130:521-534.

Zurolo E, lyer A, Maroso M, Carbonell C, Anink JJ, Ravizza T, Fluiter

K, Spliet GWM, Van Rijen PC, Vezzani A, Aronica E. Activation of TLR,
RAGE and HMGB1 signaling in malformations of cortical develop-
ment. Brain 2011;134:1015-1032

Ravizza T, Boer K, Redeker S, Spliet WG, Van Rijen PC, Troost D, Vezzani
A, Aronica E. The IL-1beta system in epilepsy-associated malforma-
tions of cortical development. Neurobiol Dis 2006,24:128-143.
Kulkarni SK, Dhir A. Cyclooxygenase in epilepsy: From perception to
application. Drugs Today (Barc) 2009;45:135-154.

Aronica E, Boer K, van Vliet EA, Redeker S, Baayen JC, Spliet WG, Van
Rijen PC, Troost D, Da Silva FH, Wadman WJ, Gorter JA. Complement
activation in experimental and human temporal lobe epilepsy. Neu-
robiol Dis 2007;26:497-511.

Desjardins P, Sauvageau A, Bouthillier A, Navarro D, Hazell AS, Rose C,
Butterworth RF. Induction of astrocytic cyclooxygenase-2 in epileptic
patients with hippocampal sclerosis. Neurochem Int 2003;42:299-303.
Vezzani A, Granata T. Brain inflammation in epilepsy: Experimental
and clinical evidence. Epilepsia 2005;46:1724-1743.

Dubé CM, Ravizza T, Hamamura M, Zha Q, Keebaugh A, Fok K, Andres
AL, Nalcioglu O, Obenaus A, Vezzani A, Baram TZ. Epileptogenesis
provoked by prolonged experimental febrile seizures: Mechanisms
and biomarkers. J Neurosci 2010:30:7484-7494.

Samland H, Huitron-Resendiz S, Masliah E, Criado J, Henriksen SJ,
Campbell IL. Profound increase in sensitivity to glutamatergic- but



— AW

34.

35.

36.

37.
38.
39.

40.

41.

42.

43.

44,

45.

Epilepsy and Inflammation in the Brain

not cholinergic agonist-induced seizures in transgenic mice with
astrocyte production of IL-6. J Neurosci Res 2003;73:176-187.
Akassoglou K, Probert L, Kontogeorgos G, Kollias G. Astrocyte-specific
but not neuron-specific transmembrane TNF triggers inflammation
and degeneration in the central nervous system of transgenic mice. J
Immunol 1997;158:438-445.

Probert L, Akassoglou K, Pasparakis M, Kontogeorgos G, Kollias G.
Spontaneous inflammatory demyelinating disease in transgenic
mice showing central nervous system-specific expression of tumor
necrosis factor alpha. Proc Natl Acad Sci USA 1995;92:11294-11298.
Campbell IL, Abraham CR, Masliah E, Kemper P, Inglis JD, Oldstone
MB, Mucke L. Neurologic disease induced in transgenic mice by
cerebral overexpression of interleukin 6. Proc Natl Acad Sci USA
1993;90:10061-10065.

Riazi K, Galic MA, Pittman QJ. Contributions of peripheral inflamma-
tion to seizure susceptibility: Cytokines and brain excitability. Epilepsy
Res 2010;89:34-42.

Balosso S, Maroso M, Sanchez-Alavez M, Ravizza T, Frasca A, Bartfai T,
Vezzani A. A novel non-transcriptional pathway mediates the procon-
vulsive effects of interleukin-1beta. Brain 2008;131:3256-3265.

Xiong ZQ, Qian W, Suzuki K, Mcnamara JO. Formation of complement
membrane attack complex in mammalian cerebral cortex evokes
seizures and neurodegeneration. J Neurosci 2003;23:955-960.
Oliveira MS, Furian AF, Royes LF, Fighera MR, Fiorenza NG, Castelli M,
Machado P, Bohrer D, Veiga M, Ferreira J, Cavalheiro EA, Mello CF. Cy-
clooxygenase-2/PGE2 pathway facilitates pentylenetetrazol-induced
seizures. Epilepsy Res 2008;79:14-21.

Vezzani A, Moneta D, Richichi C, Aliprandi M, Burrows SJ, Ravizza T,
Perego C, De Simoni MG. Functional role of inflammatory cytokines
and anti-inflammatory molecules in seizures and epileptogenesis.
Epilepsia 2002;43:530-35.

Kim HJ, Chung JI, Lee SH, Jung YS, Moon CH, Baik EJ. Involvement of
endogenous prostaglandin F2alpha on kainic acid-induced seizure
activity through FP receptor: The mechanism of proconvulsant ef-
fects of COX-2 inhibitors. Brain Res 2008;1193:153-161.

Marchi N, Fan Q, Ghosh C, Fazio V, Bertolini F, Betto G, Batra A, Carlton
E, Najm |, Granata T, Janigro D. Antagonism of peripheral inflam-
mation reduces the severity of status epilepticus. Neurobiol Dis
2009;33:171-181.

Spigolon G, Veronesi C, Bonny C, Vercelli A. c-Jun N-terminal kinase
signaling pathway in excitotoxic cell death following kainic acid-
induced status epilepticus. Eur J Neurosci 2010;31:1261-1272.
Vezzani A, Moneta D, Conti M, Richichi C, Ravizza T, De Luigi A, De
Simoni MG, Sperk G, Andell-Jonsson S, Lundkvist J, Iverfeldt K, Bartfai
T. Powerful anticonvulsant action of IL-1 receptor antagonist on

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

intracerebral injection and astrocytic overexpression in mice. Proc
Natl Acad Sci USA 2000;97:11534-11539.

Ravizza T, Lucas SM, Balosso S, Bernardino L, Ku G, Noé F, Malva J,
Randle JC, Allan S, Vezzani A. Inactivation of caspase-1 in rodent
brain: A novel anticonvulsive strategy. Epilepsia 2006;47:1160-1168.
Maroso M, Balosso S, Ravizza T, lori V, Wright Cl, French J, Vezzani A.
ICE/Caspase-1 inhibition reduces acute seizures and drug resistant
chronic epileptic activity in mice. Neurotherapeutics 2011;8: 304-315 .
Dubé C, Vezzani A, Behrens M, Bartfai T, Baram TZ. Interleukin-1beta
contributes to the generation of experimental febrile seizures. Ann
Neurol 2005;57:152-155.

Heida JG, Pittman QJ. Causal links between brain cytokines and
experimental febrile convulsions in the rat. Epilepsia 2005;46:1906—
1913.

Viviani B, Bartesaghi S, Gardoni F, Vezzani A, Behrens MM, Bartfai T,
Binaglia M, Corsini E, Di Luca M, Galli CL, Marinovich M. Interleukin-
1beta enhances NMDA receptor-mediated intracellular calcium
increase through activation of the Src family of kinases. J Neurosci
2003;23:8692-8700.

Viviani B, Gardoni F, Marinovich M. Cytokines and neuronal ion chan-
nels in health and disease. Int Rev Neurobiol 2007;82:247-263.

Hu S, Sheng WS, Ehrlich LC, Peterson PK, Chao CC. Cytokine effects
on glutamate uptake by human astrocytes. Neuroimmunomodulation
2000;7:153-159.

Ye ZC, Sontheimer H. Cytokine modulation of glial glutamate uptake:
A possible involvement of nitric oxide. Neuroreport 1996;7:2181-2185.
Bezzi P, Domercq M, Brambilla L, Galli R, Schols D, De Clercq E, Vescovi
A, Bagetta G, Kollias G, Meldolesi J, Volterra A. CXCR4-activated
astrocyte glutamate release via TNFalpha: Amplification by microglia
triggers neurotoxicity. Nat Neurosci 2001;4:702—710.

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

Fellin T, Gomez-Gonzalo M, Gobbo S, Carmignoto G, Haydon PG. As-
trocytic glutamate is not necessary for the generation of epileptiform
neuronal activity in hippocampal slices. J Neurosci 2006;26:9312—
9322.

Wang S, Cheng Q, Malik S, Yang J. Interleukin-1beta inhibits gamma-
aminobutyric acid type A (GABA(A)) receptor current in cultured
hippocampal neurons. J Pharmacol Exp Ther 2000,292:497-504.

Zeise ML, Espinoza J, Morales P, Nalli A. Interleukin-1beta does not
increase synaptic inhibition in hippocampal CA3 pyramidal and den-
tate gyrus granule cells of the rat in vitro. Brain Res 1997,768:341-344.
Vezzani A, Baram TZ. New roles for interleukin-1beta in the mecha-
nism of epilepsy. Epilepsy Curr 2007;7:45-50.



