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Epilepsy refers to a cluster of neurological diseases
characterized by seizures. Although many forms of epilepsy have a well-defined immune etiology, in other
forms of epilepsy an altered immune response is only
suspected. In general, the hypothesis that inflammation
contributes to seizures is supported by experimental
results. Additionally, antiepileptic maneuvers may act
as immunomodulators and anti-inflammatory therapies
can treat seizures. Triggers of seizure include a bidirectional communication between the nervous system and
organs of immunity. Thus, a crucial cellular interface
protecting from immunological seizures is the blood–
brain barrier (BBB). Here, we summarize recent advances
in the understanding and treatment of epileptic seizures
that derive from a non-neurocentric viewpoint and suggest key avenues for future research.
Seizures and epilepsy
A seizure is a paroxysmal event due to an excessive, hypersynchronous (see Glossary) discharge from central nervous
system (CNS) neurons or neuronal networks. This abnormal
electrical activity causes a range of clinical/behavioral manifestations, ranging from dramatic convulsions often associated with loss of consciousness to experiential phenomena
not readily discernible by an observer [1]. The term seizure
should be carefully distinguished from epilepsy. Epilepsy is
a syndrome of two or more unprovoked or recurrent seizures
on more than one occasion. Epilepsy specifically refers to a
condition in which a person has recurrent seizures due to a
chronic or genetically predetermined underlying process,
whereas seizures are symptoms of epilepsy or standalone
manifestations of altered brain function also occurring in
non-epileptics (due to drug overdose, alcohol withdrawal,
etc.). Epileptic patients oscillate unpredictably between the
‘ictal’ state [seizures present, grossly abnormal electroencephalogram (EEG)] and the ‘interictal’ state (often no
clinical symptoms, slight or no EEG changes).
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The orthodox view of epilepsy centers on neurons as the
main culprit of seizures; targeting of neuronal ion channels, GABA, and glutamate receptors has been, for decades, the mainstream pharmacological approach to
eradicate seizures. Although the ultimate effectors of seizures are neurons, recent advances in experimental neurology have revealed that inflammation can precipitate
seizures or sustain seizure activity [2,3]. Two distinct
inflammatory processes have been linked to seizures. Neuroinflammation is present in epileptic brain where it
exacerbates seizures or increases their frequency [2,4].
By contrast, systemic inflammation can cause epileptiform
neuronal discharge via loss of ionic (e.g., potassium [5–7])
and neurotransmitter (e.g., glutamate [7,8]) homeostasis.
Although neuroinflammation directly affects neurovascular and glial function, the effects of systemic inflammation
are mediated or facilitated by loss of BBB function [9]. BBB
disruption (BBBD) can be triggered by a direct insult to the
endothelium [10] or by systemic factors, including activation of circulating [11–15] leukocytes and release of molecular mediators that increase vascular permeability [16,17].
The discovery of the unexpected role of inflammation in
epilepsy has changed our view on what factors contribute to
seizures and may help elucidate why, in an epileptic brain,
seizures occur rather infrequently and are interspersed by
long intervals of relatively normal, ‘interictal’ neuronal
activity [11,12,18–35]. In other words, an epileptic patient
always has an ‘epileptic brain’ but rarely does this brain
produce symptoms (seizures). With this in mind, it is not
surprising that the etiological mechanisms underlying the
development of an epileptic brain are not the same as those
involved in the generation of seizures. The epileptic brain
phenotype is the consequence of developmental, genetic,
and molecular factors whereas the transition from interictal-to-ictal neuronal firing may be due to inflammationdriven changes in the neuronal environment and BBBD
[36–38]. The pathophysiological rationale for this hypothesis is as follows: (i) ‘static’ or persistent, inherited, or acquired defects such as expression of abnormal ion channels
[39] or malformations of cortical development [40] are unlikely triggers of seldom occurring seizures. These pathophysiological features are instead hallmarks of epilepsy and
contribute to the epileptic pathology as a whole (i.e., mental
retardation, psychiatric comorbidities, etc.); (ii) The epileptic brain often displays loss- or gain-of-function mutations,
such as loss-of-function mutations in the sodium channel
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(e.g., diminished action potential repolarization due to elevated extracellular potassium concentration ([K+]out), acute
or transient antibody-mediated ‘loss-of-function’ (i.e., antibodies against voltage-gated potassium channels, glutamic
acid decarboxylase, and glutamate receptors [41]), or altered
glutamate uptake by astrocytes [39,42]. This hypothesis
builds on several experimental reports linking BBBD, neuroinflammation, and epilepsy but also suggests a systemic
inflammatory explanation for the neurovascular changes
that trigger seizures. Thus, here we argue that although
abnormal neuronal excitability and synchronization ‘cause’
seizures, the mechanisms responsible for abnormal neuronal firing may involve non-neuronal players such as the
BBB.

Cryptogenic, idiopathic, and symptomatic epilepsy: a cryptogenic or idiopathic
disease is a disease with unknown etiology. In the case of epilepsy, these terms
refer to patients where no genetic or metabolic disorder is identified and imaging
(MRI) of the cortex and hippocampus does not reveal detectable abnormalities.
The term symptomatic epilepsy is, by contrast, used to define an epileptic
disorder due to a structural or metabolic condition, genetic or acquired, that has
been demonstrated to be associated with a substantially increased risk of
developing epilepsy. Lesional epilepsy is the antonym of cryptogenic and refers
to patients with a distinct abnormality visible in MRI scans.
Hyperexcitable and hypersynchronous: epileptic seizures are characterized by
increased neuronal excitability and hypersynchronous activity in the cortical
network. The term ‘hyperexcitable’ refers to a neuron or to a neuronal network
characterized by an increased probability of firing an action potential or a
series of action potentials in response to a stimulus that normally elicits a subthreshold response or a single spike. Neuronal networks can oscillate between
a resting and firing state activity in response to either intrinsic (pacemaker)
properties or as a result of the activity of many neurons. In individual neurons,
oscillations can appear either as oscillations in membrane potential or as
rhythmic patterns of action potentials. Synchronized activity of large numbers
of neurons occurs during epileptic seizures. The summation of electrical
signals from this large assembly of neurons is the basis of the EEG appearance
during a seizure, which is characterized by large amplitude (voltage) signals.
Ictogenic process, epileptogenesis: seizures are symptoms of epilepsy, a
cluster of neurological diseases. Ictogenesis refers to the events leading to the
development of a seizure, including the prodromic features named ‘auras’ and
EEG changes that predict seizure onset (‘ripples’, ‘slowing’, etc.). Epileptogenesis refers to the events occurring during the often silent (no seizures) period
between an insult (e.g., traumatic brain injury) and the development of a first
seizure. The epileptogenic process may last days to years.
Immunological synapses: in analogy to the chemical synapse in neurons, the
immunological synapse refers to the microenvironment hosting the interface
between an antigen-presenting cell and a lymphocyte such as an effector T cell
or NK cell. These immune–immune cell interactions are modulated by the
presence of closely associated adrenergic or cholinergic nerve terminals.
Inflammatory reflex: this term refers to the neuronal circuits responsible for the
control of systemic inflammation. In analogy to the regulation of heart rate by
adrenergic and cholinergic nerves, the inflammatory reflex has a ‘motor’
component that either increases or decreases the activity of systemic inflammatory organs and cells. The inflammatory reflex is regulated by cytokines and
other mediators of the immune response. The best understood inflammatory
reflex consists of the anti-inflammatory effects of parasympathetic nicotinic
synapses on organs such as the spleen. As in many cholinergic systems,
opposing effects are achieved by muscarinic receptor activation.
Interictal, ictal EEG: the EEG associated with epileptic seizures (referred to as
‘ictal’, from ictus, Latin for ‘stroke’ or ‘blow’) is characterized by an abrupt change
of the signal. Focal seizures are typically characterized by the appearance of local
low-voltage fast activities progressively replaced by slower quasi-rhythmic
activities often spreading to the neighboring regions. Between seizures, the EEG
may appear normal or feature interictal epileptic abnormalities (e.g., spikes,
sharp waves, slow waves) isolated or in brief discharges.
Seizure threshold: this term is used to describe how susceptible one is to
seizures at a given time. Both internal and external factors and stimuli
contribute towards this threshold. As described in this review, ions,
transmitters, inflammatory mediators, and body temperature are examples
of internal factors that alter the epileptogenic threshold. External stimuli may
be sensory, electrical, or chemical. These are often used to trigger experimental seizures (kainic acid, electrical stimulation of the amygdala). A complex
interaction between external and internal factors explains why precipitating
events of comparable potency may or not trigger seizures.
Status epilepticus and super-refractory status epilepticus: according to the
‘Glossary of Descriptive Terminology for Ictal Semiology’ of the International
League Against Epilepsy (ILAE), the term status epilepticus (SE) refers to a seizure
that shows no clinical signs of arresting after a duration encompassing the great
majority of seizures of that type in most patients or recurrent seizures without
resumption of baseline CNS function interictally. The most common SE is
generalized tonic–clonic SE, a potentially fatal condition associated with
neuronal injury and respiratory and metabolic dysfunction. Although the ILAE
does not define the minimum duration for a seizure to be defined as status, the
operational definitions propose to start treatment when seizure activity continues
beyond 5 minutes. Refractory SE is defined as SE that has not responded to firstline therapy with a benzodiazepine or second-line therapy, and which requires
the application of general anesthesia. Super-refractory SE is defined as SE that
has continued or recurred despite 24 hours of general anesthesia.

NaV1.1, which cause severe myoclonic epilepsy of infancy
(SMEI, or Dravet syndrome [39]); (iii) on an epileptic brain
background, the transition from interictal to ictal neuronal
firing is influenced by changes in ionic homeostasis
56

Inflammatory mechanisms involved in BBB disruption
If BBBD is responsible for loss of CNS homeostasis and
abnormal neuronal firing, how and when do BBB cells lose
their physiological function? Owing to its intravascular
location, the BBB is prone to incursions by circulating
inflammatory signals [9,27,43–46]. These attacks could
be facilitated by increased expression of adhesion molecules on endothelial cells seen in epileptic brain [47]. In
addition to leukocyte–endothelial interactions, BBBD may
also result from other factors. These are summarized in
Figure 1 and Table 1 and reviewed in the following paragraphs.
Animal models of seizures typically rely on chemical or
electric methodologies to induce an acute status epilepticus
(SE) that may evolve into chronic seizures [14,24,48]. In
these models, proinflammatory events leading to seizures
have been shown to occur in the brain and peripherally
(Figure 1 and Table 1). However, findings derived from
experimental models have produced contrasting findings
(e.g., [11,13,15,24,48,49]).
Targeting seizure-induced brain inflammation reduces
seizure severity and number [2,50], whereas extravasation
of proinflammatory molecules into the brain across a leaky
BBB or their ex novo expression by brain cells is ictogenic
or can exacerbate abnormal ictal activity [44,51]. The
molecular players involved in seizure-related inflammation are often the same as those that participate in systemic inflammation. For example, altered brain expression
of cyclooxygenase-2 (COX-2) and prostaglandin during
seizures affects neuronal excitability [52] with a mechanism similar to inflammation-derived peripheral pain.
Seizure-dependent neuronal COX-2 tilts the scale in favor
of early neuroprotection but causes a delayed neurodegeneration of pyramidal cells (Table 1). The high-mobility
group box (HMGB) proteins are immune activators that
have multiple functions in the regulation of immunity and
inflammation [53]. Blocking Toll-like receptor-4 (TLR-4)
and HMGB-1 signaling decreases kainate-induced seizures [54].
Neurons are not the only brain cells to display an
inflammatory phenotype in epileptic brain because other
brain cells contribute to the seizure-related immune response (Table 1) [37]. Adhesion molecules (P- and E-selectin) are upregulated in response to electrographic seizures
at the luminal side of the endothelium forming the BBB
[47], chemokines and their receptors [chemokine (C–X–C
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Figure 1. Schematic representation of the immunological players involved in seizure disorders. The coexistence of central and peripheral inflammatory mechanisms that
are potentially epileptogenic requires numerous checkpoints to ensure that infectious or other proinflammatory signals are fully activated only under extreme conditions. In
this scenario, electrophysiological control of seizure threshold (e.g., endowment of neuronal ion channels) interacts with ictogenic alterations of the brain milieu (soluble
inflammatory factors). The latter either directly (potassium ions) or indirectly (albumin) affect neuronal firing. Central nervous system (CNS) levels of these factors are
ultimately controlled by the blood–brain barrier (BBB). The most commonly reported excitability changes occur when potassium or glutamate homeostasis is altered [7]. A
typical downstream event of inflammation (increased vascular permeability – dotted arrow) will not only alter immediate gene expression or cause sudden excitability
changes but also sustain gliosis and activation of microglia [3]. Both principal neurons and interneurons are prone to electrophysiological changes facilitated by
proinflammatory signals [e.g., cyclooxygenase-2 (COX-2) and interleukin-1b (IL-1b)] or by an abnormal angiogenesis [angiotensin-2 (Ang-2), vascular endothelial growth
factor (VEGF)]. Other brain cells (astrocyte and microglia) contribute to delay recovery from pathologic interstitial homeostasis [e.g., albumin (Alb.) and IgG extravasation].
Please see Table 1 for a summary of the molecular players involved.

motif ) ligand 12 (CXCL12) and chemokine (C–X–C motif)
receptor 4 (CXCR4); chemokine (C–C motif) ligand 2 (CCL2)
and chemokine (C–C motif) receptor 2 (CCR2)] are upregulated in glia during seizures [17,55,56], and regions characterized by a ‘leaky’ BBB have been consistently reported in
epileptic brain [57]. An example of a synergism between
BBBD and its downstream consequences is vascular endothelial growth factor (VEGF). VEGF is a potent modulator of
vascular permeability; increased VEGF levels in the brain
cause BBB leakage. VEGF is released by neurons in response to seizures, and after release binds to its receptor,
VEGF-R2, on endothelial cells (Figure 1). This interaction
triggers angiogenesis and vascular remodeling [58,59]. The
formation of new, ‘leaky’ vessels may further promote seizures by the mechanisms described earlier. Together these
studies suggest that numerous inflammatory processes and
cell types are involved in the disruption of immune privilege
and brain homeostasis that precedes ictal events mediated
by BBBD. But how do all these events translate into abnormal neuronal function?
How does inflammation affect neuronal behavior?
One of the most remarkable features of the mammalian
BBB is its ability to maintain ionic and osmotic gradients
between brain and blood (recently reviewed in [37]). Consequences of BBBD all seem to conspire towards increased

neuronal firing [36,37]. Although the following paragraphs
focus on the role of potassium homeostasis, other mechanisms are also crucial to ictogenesis after BBBD [39,41,42].
Conclusive evidence that BBBD can cause seizures was
derived from the experimental or clinical disruption of the
BBB induced by an osmotic shock. Osmotic challenges
delivered to the endothelial cells to disrupt tight junctions
trigger seizures in human subjects and animal models
[10,60]. Although most of the clinical data derive from
the osmotic shock approach to BBBD to improve chemotherapy for brain tumors [10], experimental data suggest
that the trigger used for BBBD is not a determining factor
in seizure induction. In fact, systemic inflammation, aberrant angiogenesis, and reperfusion damage all decrease
seizure threshold by a mechanism involving increased
BBB permeability [36,58,59,61].
An obvious candidate for BBBD-mediated changes in
homeostasis is extracellular potassium. The effects of increased potassium in epileptogenesis are however not
novel, because many laboratories have shown its powerful
actions on neurons [62,63]. Owing to its asymmetric concentrations across the endothelium, BBBD increases brain
potassium concentrations [37,64,65]. A parsimonious explanation for how BBBD triggers seizures may therefore be
ascribed to a sudden increase of extracellular potassium
triggering broad neurophysiological changes. However,
57
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Table 1. Brain and peripheral immunological determinants of seizures. A summary of concordant and divergent experimental and
clinical data is provided. The occurrence of neuroglial, vascular, and systemic immune modulation is consistent with a possible
role of a brain–periphery proinflammatory crosstalk in seizure disorder.
Cell type
Neuron

BBB neuroglia

Subtype/localization
Principal cell
interneurons

Molecular players
APOE4
TLR-4/IL-1b

Astrocytes

TLR-4/HMGB-1
COX-2
VEGF
IgG
mTOR

Microglia

TGF-a
K+ and glutamate uptake
IL-1b
CXCL12, CXCR4, MCP-1,
CCR2
Activation (Iba-1)

BBB
interface
Bone marrow

Leukocytes
Circulating
soluble
factors
B cells circulating

CCR5 ligand
Selectins
VEGF-R
Leukocytes
Brain and blood
cytokines
T-cells
Blood cytokines
T-cells Integrins
CD3, CD4, CD8
macrophages
Kainate receptors

Animal/human Model
Rodent
Kainate
Rodent,
LPS, kainate, electrical
human
stimulation, etc.
Rodent
Kainate
Rodent
Pilocarpine
Rodent
Kainate
Human autoimmune epilepsy
Human,
Tuberous sclerosis
rodent
complex
Bile salt,
Rodent
kainate, electrical
stimulation
Rodent
Pilocarpine, kainate

Refs
[104]
[2,54,105,106]

Acute/chronic
Acute/chronic
Acute/chronic
Chronic

[54]
[52]
[58]
[75,107]
[108–110]

Acute/chronic

[2,36,60,106]

Acute/chronic

[55,56]

Chronic

[111,112]

Chronic
Acute
Acute/chronic
Acute/chronic

[113]
[47]
[58,59]
[20]

[12,19,25,29,
33,48,49,100]
[11,113]
[15,24]
[114]

Rodent,
human
Rodent
Guinea pig
Rodent
Rodent

Rasmussen,kainate,
electrical stimulation
Kainate

Human
Rodent
Rodent
Rodent

(Li)-Pilocarpine
Pilocarpine/kainate
Kainate

Ictal/interictal
Acute – post SE
Acute/chronic
Acute/chronic

Human

Kainate

NA

this appears to be an overly simplistic mechanism. An
unexpected consequence of BBBD is albumin extravasation and its uptake by astrocytes via a transforming growth
factor-b (TGF-b)-dependent mechanism [42]. This leads to
loss of inward rectifying potassium Kir 4.1 channels and
reduced buffering of [K+]out. Loss of spatial buffering further increases [K+]out, which in turn depolarizes neurons
and causes increased firing. This leads to additional accumulation of potassium ions in the extracellular space
owing to loss of neuronal potassium during action potential
repolarization. Thus, BBBD creates synergistic sequelae
that result in a dramatic increase of [K+]out.
In agreement with a role for potassium homeostasis in
seizure disorders is the finding that loss of inward rectifying potassium channels is a hallmark of post-traumatic
epilepsy [62], where BBB leakage is an early event [66]. An
additional synergistic link between the electrophysiological consequences of inflammation and exacerbation of the
inflammatory process itself has been recently proposed
[67]. This study demonstrated that potassium ions can
act as a signaling factor controlling one of the key proinflammatory cytokines, interleukin-1b (IL-1b). This finding
is an example of a mechanism of seizure perpetuation,
whereby BBB leakage, altered potassium homeostasis,
and proinflammatory mediators are linked.
Clinical evidence linking inflammation to seizures
The first description of epilepsy due to inflammation dates
back to 1958 when Theodore Rasmussen from the
58

Stage
Chronic
Acute/chronic

Kainate
Pilocarpine

Montreal Neurological Institute described a few children
operated on for intractable focal seizures and progressive
hemiparesis, and in whom the pathology of the brain
tissues demonstrated hemispheric inflammatory changes
[68]. Neuropathology clarified that the brain inflammation
in what is now termed Rasmussen encephalitis (RE) is
dominated by T cells (granzyme B positive CD8+ cells), by
microglial activation and microglial nodules, and is followed by neuronal loss and astrogliosis restricted to the
affected hemisphere [69]. Although the etiology of RE
remains unclear, it is now acknowledged that a key role
in the pathogenesis of RE is played by the cytotoxic effect of
T cells that causes apoptotic death of neurons and astrocytes in neocortex and white matter [68].
More recent clinical evidence links the immune system
with seizure onset or maintenance in other forms of epilepsy. Anti-inflammatory drugs, such as steroids and intravenous immunoglobulins, are useful in selected drugresistant epileptic syndromes, whereas fever, immunization, and trivial infection can precipitate seizures, providing a solid link between inflammation and seizures [3,70].
Seizures can also occur as a consequence of autoimmune
disorders, such as lupus or celiac disease [71,72]. In addition, inflammatory markers have been detected in surgical
brain specimens from epileptic patients and markers of
inflammation or CNS autoantibodies are associated with a
number of epileptic disorders, further linking abnormal
immune responses with seizures (e.g., [73]). More recently,
the presence of antinuclear antibodies located within

Author's personal copy

Opinion
neuronal nuclei was reported [74]. In the same cohort,
circulating autoantibodies were found in sera from
patients affected by a broad range of epilepsies, including
temporal lobe epilepsy due to cortical malformations.
Considering all epilepsies with an inflammatory etiology, two scenarios become apparent depending on the presence or absence of inflammatory markers and the response
to treatment. On the one hand there are epilepsies where
inflammation plays a pivotal and recognized role in the
ictogenic process, while on the other are seizure disorders
in which the role of immunity is advocated with varying
levels of clinical evidence, but lacks definitive proof. The
following are instances of epilepsies with suspected or
recognized inflammatory disease. These examples are presented to underscore the fact that the experimental data
presented in the previous sections have a clear cut counterpart in the clinical setting and that both clinical and
preclinical evidence supports a link between inflammatory
events and seizures.
Encephalitis with prominent epileptic seizures is an
antibody-associated disease reported in patients with
full-blown brain neuropathology and in association with
cryptogenic epilepsy [e.g., normal brain magnetic resonance imaging (MRI)]. These auto-antibodies are directed
against neuronal surface proteins such as the NMDA
receptor (NR)1 subunit of NMDA receptor, the potassium
channel complex protein leucine-rich, glioma inactivated 1
(LGI1), or against the intracellular protein glutamic acid
decarboxylase (GAD) [75]. Consistent with an immunologic
origin of the disease, in these patients, seizures are refractory to antiepileptic drugs (AEDs) but are controlled by
steroids or other immunomodulatory treatments [68].
Encephalopathy associated with NMDAR antibodies,
also reported in association with ovarian teratoma, is
characterized by the abrupt onset of seizures and behavioral and movement disorders [76]; MRI in these patients is
often normal. The presence of autoantibodies together with
the response to traditional anti-inflammatory treatments
underscores the systemic inflammatory component involved in these epilepsies. The absence of obvious abnormalities on brain MRI further support the hypothesis that
epileptic seizures can occur as a consequence of altered
systemic immunity even in the absence of measurable
brain pathology. In other words, these findings (normal
MRI, circulating antibodies, and response to immunomodulators) show how a neurological disorder characterized
by chronic epileptic seizures can result from systemic
events (B cell activation and production of autoantibodies;
BBB permeability increase allowing brain entry for these
antibodies) leading to neuronal misfiring due to altered
microenvironment (antibodies against ion channels; loss of
potassium and glutamate homeostasis).
A common event involved in seizure generation is fever,
a factor known to lower seizure threshold in children [77].
Apart from simple febrile convulsions, which are a benign,
most likely genetic, and self-limited condition, fever may
precipitate seizures in chronic epilepsy. A susceptibility to
fever-induced seizures is a hallmark of definite epileptic
syndrome due to channelopathies (e.g., in voltage-gated
sodium channel type I (SCN1A)-related epilepsies [78]),
or to mutations in genes that are crucial for brain
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development and synaptic transmission, such as protocadherin 19 (PCDH19) [79]. Why fever triggers seizures is not
clear, although the role of inflammatory mechanisms in
inducing hyperexcitability has been suggested [80].
At the extreme end of the spectrum of fever-induced
seizure are febrile infection-related epilepsy (FIRES) and
idiopathic hemiconvulsion–hemiplegia–epilepsy syndrome
(IHHE), two conditions collectively known as ‘acute encephalopathy with inflammation-mediated status epilepticus’ [81]. These are rare syndromes characterized by the
occurrence of SE in a previously healthy child, during or
closely after a febrile episode. In IHHS after the unilateral
SE, the child develops atrophy of one hemisphere, contralateral hemiparesis, and epilepsy; in FIRES, the refractory
status, which mainly involves the perisilvian areas and
mesial temporal structures, is followed by drug-resistant
epilepsy and mental deterioration, and, in a subset of
patients, by bilateral mesial temporal atrophy. In both
conditions, seizures are refractory to AEDs. The etiology
of FIRES and IHHS is unknown and there is no evidence of
brain infection. Clinical features and experimental models
point to the hypothesis of a vicious circle involving inflammation and seizure activity facilitated by brain maturation
[81].
Tuberous sclerosis, a highly epileptogenic disease is due
to mutations of TSC1 or TSC2 tumor suppressor genes,
which inhibit the mammalian target of rapamycin complex1 (mTOR1). The mTOR pathway is essential in controlling cell proliferation and metabolism, but also plays a
role in immune cell homeostasis. Inflammation in brain
tubers is revealed by the presence of extravasated macrophages, by altered expression of tumor necrosis factor-a
(TNF-a), nuclear factor-kB (NF-kB), and cell adhesion
molecules in astrocytes and dysplastic neurons [82]. Clinical trials with rapamycin may clarify if a targeted immunosuppressant treatment is effective in reducing seizures
independent from its effects on tumor growth but experimental results have already shown that rapamycin may
reduce seizure burden by restoring BBB function or by
preventing its failure [83].
Taken together, clinical findings favor an immunologic
etiology in many syndromes associated with seizures.
These pathologies should constitute the translational bases for rational and clinically relevant scientific and experimental investigations.
Pharmacological evidence linking inflammation to
seizures
Epilepsy is a complex disease and the pharmacology of
AEDs is comparably multifaceted. Because the ultimate
goal of AEDs is to prevent or abort the abnormal electrical
firing of neurons, their mechanism of action has traditionally been ascribed to blockade of excitatory neurons and
ion currents or to augmentation of inhibitory interneurons
and ionic conductances. Thus, two broad categories of
AEDs can be described, drugs reducing sodium, calcium,
or glutamate receptor-mediated ion currents or drugs
increasing GABA-ergic inhibition. However, a review of
mechanisms of action of antiseizure maneuvers suggests
an anti-inflammatory component (Table 2; [18,84,85] and
[21,86–93]).
59
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Table 2. Pharmacological and therapeutic evidences supporting how immunological processes acting as mediators of seizures
may be exploited to treat epilepsy. Note that with a few exceptions (e.g., carbamazepine), most antiepileptic interventions
encompass an immunomodulatory effect. Novel approaches such as VNS are also modulators of the immune response.
Drug or therapy (type)

Traditional mechanism(s)
of action
Na+ and Ca2+
currents; others unknown
Na+ currents

Valproate
(AED)
Phenytoin
(AED)
GABA
Vigabatrin
(AED)
Synaptic transmission
Levetiracetam
synaptic vesicle protein 2, SV-2
(AED)
GABA-A
Diazepam
(AED)
Na+ currents
Carbamazepine
(AED)
Immunodepression
Corticosteroids
(immunomodulators)
Propofol (anesthetic, short-acting hypnotic agent) GABA agonist
GABA agonist
Thiopental
(anesthetic, short-acting hypnotic agent)
NMDA antagonist
Ketamine
(anesthetic)
Electrolyte; NMDA blocker
Magnesium
(electrolyte)
Device
Vagal nerve stimulator
Dietary regimen
Ketogenic diet
Medical management
Hypothermia

Many AEDs can affect both humoral and cellular immunity, modifying T cell behavior and expression of inflammatory mediators [18]. The transcription factor NF-kB
mediates the immune modulatory effects of some AEDs but
whether or not this is relevant for AED efficacy is unknown
(Table 2 and [18]). Phenytoin (PHE) decreases suppressor
T cell activity and causes reversible IgA deficiency in
epileptics [18,94,95]. Diazepam (DIA) inhibits T cell function via peripheral benzodiazepine receptors and by decreasing interferon (IFN)-g production [96]. The immune
modulatory effects of AEDs should be taken into account
when these drugs are administered in combination with
anti-inflammatory agents such as adrenocorticotropic hormone (ACTH) or glucocorticosteroids because of possible
cumulative immunosuppressant actions. Drugs or interventions commonly used to tackle super-refractory SE (the
most severe and life-threatening form of seizures) may also
act by a mechanism encompassing an anti-inflammatory
effect and repair of the cerebrovasculature [84]. Because
many AEDs have, in addition to electrophysiological
effects, an anti-inflammatory mechanism of action, one
may expect that these drugs can be used to treat diseases
characterized by an excessive immune response. In fact,
AEDs are used for the treatment of chronic pain, a condition where inflammation is an accepted and recognized
etiological mechanism [97].
Many of the molecular pathophysiological mechanisms
described in human epileptic brain or in animal models are
also found in diseases unrelated to epilepsy such as multiple sclerosis (MS). For example, animal models of MS or
patients affected by MS display increased BBB permeability, presence of autoantibodies in serum, and abnormal
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Immunomodulatory effects – known or Refs
proposed
[85]
Inhibits NF-kB
Decreased T cells; IgA deficiency;
immunosuppression
No effects

[94,95]
[18]

No effects

[18]

T cells and IFN-g
inhibition
No consistent effects; proinflammatory

[96]
[18]

Similar to NF-kB inhibition

[98]

Inhibits NF-kB
Inhibits NF-kB

[86–88]
[89]

Inhibits NF-kB,
IL-1b, TNF-a surge
Restores NMDA receptor blockade
after BBB disruption
Nicotinic receptors; protection of BBB
Protection of BBB
Inhibits NF-kB; protection of BBB

[90]
[91]
[92]
[21,22,45,101,102]
[93]

levels of proinflammatory cytokines. If similarities between MS and epilepsy are consistent with a comparable
underlying inflammatory mechanism, then one may predict that drugs that are beneficial for MS patients may also
be used to prevent epileptic seizures. Because MS is a
neuroimmune disorder, a number of immunomodulators
have been used to treats its symptoms and progression.
The following are a few examples of drugs that were
traditionally used for MS or other immunological disorders, drugs that today are also administered to epileptic
patients. This further underscores the immunological component in seizure disorders.
Glucocorticosteroids (prednisone, dexamethasone, cortisone) can be used to treat MS but also effectively decrease
seizure burden in multiple drug-resistant epileptics [98].
The IL-1b receptor antagonist IL1-RA (Kineret, Anakinra)
exerts antiepileptic activity in experimental models [2], and
a humanized monoclonal antibody against the cell adhesion
molecule a4-integrin (natalizumab) has anecdotal antiseizure efficacy [28,99]. Clinical data have shown that immunomodulators are effective in many forms of epilepsy, but
before their use becomes widely accepted additional data are
needed to address the following: (i) given the anti-inflammatory effects of traditional AEDs, are there risks in administering a combination of immunomodulators and
AEDs? (ii) are there particular forms of epilepsy (for example, pediatric vs. adult; focal vs. generalized) that more
consistently respond to these anti-inflammatory therapies?
(iii) are the side effects of immunomodulation acceptable in
these chronic diseases? Future clinical trials will elucidate
these points and eventually expand the use of anti-inflammatory drugs in epilepsy.
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[27]. Whether stressors cause pro- versus anti-inflammatory effects probably depends on the nature of the stressor
and its duration (acute vs. chronic) [27]. In addition to the
previously mentioned results showing that resident
(lymph node, spleen) immune cells are activated by stress
associated with seizures, clinical data show that circulating natural killer (NK) and T helper CD4+ cell immune
levels also respond to the interictal to ictal transition
(seizure onset) or are sensitive to post-ictal silencing
[12,25,30]. This suggests that activation of the peripheral
immune system, and changes in cytokines, occurs at time
of seizure or recovery from the same [19,29,33,100]. The
aforementioned involvement of the autonomic nervous
system acting on leukocytes via immunological synapses
supports the hypothesis of systemic determinants of seizures.
In addition to the HPA and SAM axes, the vagus and the
inflammatory reflex contribute to the control of the innate

Communication between peripheral and
neuroinflammation: possible role in seizure disorders
Seizures do not only impact the cerebral cortex but can
spread to nuclei involved in autonomic regulation and
neuroendocrine function. Conversely, peripherally generated nervous or chemical signals can impact brain physiology [43]. The integration of these signals may influence
seizure threshold. A broad range of stress stimuli (e.g.,
social, physical, consequent to mood disorders) activate the
hypothalamic–pituitary–adrenal (HPA) and the sympathetic–adrenal–medullary (SAM) axes. Both pathways target the adrenal glands but SAM can extend its reach to
activate lymph node-resident immunocompetent cells.
This is achieved by a multipronged mechanism including
(i) direct stimulation of the adrenal medulla to produce
adrenaline and noradrenaline; (ii) ‘hard-wiring’, through
sympathetic nervous system-innervating lymphoid
organs; and (iii) stress hormones acting on lymphoid cells

Seizures
1

Cytokines

HPA/SAM

5

Decreased
seizure threshold
PHE
DIA
KD
HT

2

NF-κB

4

(-)

Corcosteroids

Vagus

Adrenal
glands

VNS

Spleen

(-)

Hormones, corsol
Catecholamines

Leukocyte
(e.g., T cell)

LPS

(+) (-)

3
TRENDS in Neurosciences

Figure 2. Proposed routes of brain–periphery immune communication in seizure disorders. Proinflammatory events occurring peripherally [experimentally induced or
infectious, e.g., lipopolysaccharide (LPS); clinically relevant, e.g., colitis] are transmitted to the brain (afferent vagus – red line, and circulating cytokines) possibly tilting the
neurons toward a pro-seizure condition. Conversely, a brain-derived stress signal stimulates the adrenal glands [via hypothalamic–pituitary–adrenal (HPA) and sympathetic
adrenal–medullary (SAM) axes); activation of these results in secretion of pro- (red) and anti-inflammatory (blue) factors. The brain–peripheral crosstalk comprises
peripheral organ of immune competency (e.g., spleen, lymph nodes, bone marrow, resident cells in gut [43]) and activation of circulating leukocytes. In the inflammatory
reflex, a centripetal sensory input travels after infection or injury through the afferent vagus nerve to the brainstem; the efferent vagus carries centrifugal spleen-bound
signals that modulate acetylcholine release, transmitting neural signals to other immune cells by action on a-7 nicotinic receptors (see asterisk and [46]).
Glucocorticosteroids can reduce seizures whereas commonly prescribed antiepileptic drugs [AEDs, e.g., phenytoin (PHE) and diazepam (DIA), indicated in blue] have
anti-inflammatory properties. Other antiseizure therapeutic intervention [ketogenic diet (KD) and hypothermia (HT)] have anti-inflammatory effects. See also Table 2. Other
abbreviations: NF-kB, nuclear factor-kB; VNS, vagus nerve stimulation.

61

Author's personal copy

Opinion

Trends in Neurosciences February 2014, Vol. 37, No. 2

immune response and inflammation [31]. The vagus is a
parasympathetic cholinergic cranial nerve involved in a
variety of functions spanning from the regulation of heart
rate to control of systemic inflammation. As in many
cholinergic nerves, both muscarinic and nicotinic receptors are present on target organs; these usually exert
opposing functions and are under normal conditions activated to achieve equilibrium. The vagal inflammatory
reflex includes a ‘proinflammatory’ afferent and an ‘antiinflammatory’ efferent arm (Figure 2). The cholinergic
nicotinic receptor alpha-7 acetylcholine subunit mediates
vagal anti-inflammatory effects [46]. Noteworthy, vagus
nerve stimulation (VNS) is used to reduce seizure burden
in drug-resistant epileptic subjects ([101]; see also Table
2). While antiseizure effects of VNS have been attributed
to a brain pacemaker effect, VNS also affects the immune
system (Table 2). VNS treatment influences serum IL-6,
IL-10, and cortisol levels in epileptic subjects [102]. In
vitro, lipopolysaccharide (LPS)-driven IL-8 secretion by
leukocytes obtained from patients 6 months after VNS
was reduced compared to baseline [21]. In an experimental model of seizures, serum corticosterone levels increased after VNS, suggesting an effect of VNS on the
HPA axis [22]. A comprehensive study correlating seizure
outcome and immunomodulation is required to fully elucidate whether VNS immune modulation contributes to
the antiseizure effect. In summary, the peripheral nervous system may influence seizure threshold by centrifugal and centripetal mechanisms involved in the control of
inflammation.

Concluding remarks, important caveats, and future
directions
Despite the increasing evidence supporting inflammatory
processes triggering or sustaining seizures (Table 3), a
number of questions remain unresolved. For example,
whether brain inflammation is the initiator or the consequence of systemic inflammatory processes is not a purely
academic question. From the therapeutic point of view, if
systemic inflammation is to be targeted, then issues of
trans-BBB drug delivery are mute therapeutic implications [84]. Conversely, selective direct targeting of brain
inflammation could have fewer side effects such as persistent immunosuppression.
It is also unclear whether the findings summarized
herein warrant the use of anti-inflammatory drugs in
clinical epilepsies where an infectious or febrile context
is not suspected. A recent paper described the predictive
value of white blood cells in the diagnosis of epilepsy [103].
The specificity of proinflammatory mechanisms related to
epilepsy is not absolute since many neurological diseases
have a recognized inflammatory etiology. This raises the
question of whether proinflammatory processes may be an
epiphenomenon with little significance to the true etiological mechanisms of seizures. However, the evidence against
a role for inflammation in seizure disorders is not as
compelling as the proinflammatory hypothesis.
As this field of research continues to grow, new inflammatory molecules, cellular players, and organs are added
to the mix. Although fundamental questions remain to be
answered, there is little doubt that inflammation has

Table 3. Summary of clinical findings that constitute the backbone of research aimed at modeling and understanding of
inflammatory mechanisms in epilepsy. This list is weighted towards epilepsy syndromes that may share an inflammatory
component or ictogenic mechanism. However, many other epilepsy syndromes exist, and in these an inflammatory or infectious
trigger has not been reported. Examples are genetic epilepsies with mutations of neuronal ion channels.
Epilepsies with an
inflammatory
component

Epilepsies with seizures
directly linked to
inflammation
(demonstrated or highly
suspected)

Type of seizure disorder
Rasmussen

Signs and symptoms
MRI reveals encephalopathy

Mechanisms
T-cells

or

CD8+

Elevated inflammatory
markers in blood or brain

Granzyme
B cells

or
Autoimmune encephalitis

Neuropathology
or

Acute encephalopathy with
inflammation-mediated SE (FIRES,
HHE)

BBB disruption
CNS autoantibodies
(NMDA, GAD, NR1, LGI)
Oligoclonal bands
Unknown

Fever
or

Epilepsies with seizures
possibly linked to (or
facilitated by)
inflammation
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Infantile spasms

Responds to
immunomodulators
or ketogenic diet (FIRES)
Markers not always present

Unknown

TS

MRI findings not always present

mTOR

Fever-related epilepsy

May respond to
immunomodulators
(spasms, TS)

Unknown
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integrated clinical and preclinical epilepsy research into
the field of neuroimmunology. Preventing and reducing the
inflammatory burden taking place during seizures is likely
to become a viable therapeutic option in drug-resistant
cases where AEDs alone are not sufficient to halt
seizures.
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