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SUMMARY

There is an increasing evidence to support a role of inflammatory processes in epilepsy.
However, most clinical and experimental studies have been conducted in adult patients or
using adult rodents. The pediatric epilepsies constitute a varied group of diseases that are
most frequently age specific. In this review, we will focus on the possible role of inflamma-
tion in pediatric epilepsy syndromes. We will first describe the clinical data available and
provide an overview of our current understanding of the role of inflammation in these clini-
cal situations. We will then review experimental data regarding the role of inflammation in
epilepsy in the developing brain. To summarize, inflammation contributes to seizure precip-
itation, and reciprocally, prolonged seizures induce inflammation. There is also a relation-
ship between inflammation and cell injury following status epilepticus, which differs
according to the developmental stage. Finally, inflammation seems to contribute to epile-
ptogenesis even in the developing brain. Based on the available data, we highlight the need
for further studies dissecting the exact role of inflammation in epilepsy during develop-

ment.

doi: 10.1111/cns. 12371

Introduction

The immune system represents all the biological processes that
protect an organism against external aggression, including
infectious disease. The immune response is usually divided
into the innate immune response and the adaptive immune
response. While the innate immune system is responsible for
a nonspecific response with an immediate maximal response
resulting from cell-mediated and humoral components, the
adaptive immune system is antigen-specific and takes time to
build up to a maximal response after exposure. Although the
adaptive immune response also results from cell-mediated and
humoral components, it leads to an immunological memory.
Inflammation is not a static but a dynamic process, involving
a cascade of mediators that can be either proinflammatory or
antiinflammatory, as well as molecules that resolve inflamma-
tion.

Despite the fact that the brain is considered an immune-privi-
leged organ, both types of immune responses (innate and adap-
tive) are observed in the central nervous system (CNS)
following exposure to pathogens or injury of varying etiologies.
In addition, an inflammatory response in the CNS can be
induced in the absence of infection [1]. This phenomenon is
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observed after various types of brain injury, including status
epilepticus.

There is now much clinical and experimental evidence con-
cerning the multiple links between brain inflammation and epi-
lepsy. Brain inflammation might be a consequence as well as a
cause of seizure/epilepsy: 1. seizures and their related cellular
injury might result in inflammation; 2. inflammation might pre-
cipitate seizures; 3. inflammation might participate in cell injury
resulting from prolonged seizures; 4. inflammation might con-
tribute to epileptogenesis. The involvement of inflammation in
epilepsy is thus of great interest because pharmacological inter-
ventions targeting inflammation might be of use in treating
patients with epilepsy [2,3]. However, the relationship between
inflammation and epilepsy should not be regarded as a link
between two separate pathophysiological entities. When we
think about the role of inflammation in epilepsy, it is first
important to distinguish the exact type of epilepsy syndrome as
well as the subparts of the immune response that are involved.
While most of the available data in the field of inflammation
and epilepsy come from clinical studies performed in adults or
experimental studies conducted with mature rodents, most pedi-
atric epilepsy syndromes differ from the epilepsy syndromes
observed in adults. Here, we review clinical and experimental
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evidence of the links between inflammation and epilepsy focus-
ing on the data from pediatric studies and from experimental
studies performed in the developing brain.

Clinical Evidence

The range of epilepsy syndromes, in particular during childhood
and adolescence, is very wide [4]. Focusing on syndromes involv-
ing inflammation in seizure occurrence, we can distinguish many
clinical circumstances: febrile seizures, fever as a trigger for sei-
zures in patients with epilepsy, acute encephalopathy with
inflammation-related status epilepticus, infectious encephalitis,
autoimmune encephalitis, and Rasmussen syndrome. There are
also other epileptic disorders with some clinical data pointing to
the role of inflammation: epileptogenesis following febrile status
epilepticus and brain inflammation in structural focal epilepsy.
Table 1 summarizes our current understanding of the contribu-
tion of inflammation in these clinical entities.

Febrile Seizures

Febrile seizures (FSs) are the most common form of childhood sei-
zures, affecting 2-5% of all children. A febrile seizure is a seizure
accompanied by fever, without CNS infection, occurring in chil-
dren between 6 months and 5 years. The peak occurrence of FSs
is at 18 months [5]. The International League Against Epilepsy
defined FS in 1993 as “an epileptic seizure occurring in childhood
after the age of 1 month, associated with a febrile illness not
caused by an infection of the central nervous system, without pre-
vious neonatal seizures or a previous unprovoked seizure, and not
meeting criteria for other acute symptomatic seizures.” Despite its
predominantly benign nature, a febrile seizure is a terrifying expe-
rience for most parents [6,7].

The mechanisms underlying the occurrence of FSs remain
poorly understood [8]. It appears that several factors need to be
associated, including an immature brain, an increase in body tem-
perature, an inflammatory response, genetics, and a viral infection
(Figure 1). There is no evidence to support the common belief
that the rate of rise in temperature is more important for the
development of FSs than the actual temperature achieved [9,10].

Regarding the cause of infections inducing fever in the case of
FSs, it has been established that the fever is generally of viral ori-
gin [11,12]. Severe bacterial infection is usually infrequent but
remains a concern in developing countries. Several studies have
failed to determine whether a particular type of virus is responsi-
ble for the occurrence of FSs [13]. In recent years, attention has
focused on FSs due to infection with human herpesvirus (HHV) 6
or 7, because they are both frequent causes of fever in children in
addition to being neurotropic [14].

Numerous clinical studies investigating cytokine levels in the
blood or CSF of children with FSs suggest the involvement of
inflammatory responses in the occurrence of FSs. However, the
heterogeneity of the methods used in these studies (type of cyto-
kines studied or control populations) makes it difficult to draw
any clear conclusion. However, despite these limitations, the
involvement of IL-1f has been suggested [8]. The experimental
studies discussed below contribute to our understanding of the
role of inflammation in FSs.
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Epileptogenesis Following Febrile Status
Epilepticus

There is accumulating evidence to suggest that inflammation plays
an important role in both the development and the long-term
consequences of FSs. The long-term risk of developing epilepsy is
greater in cases of prolonged FSs. FEBSTAT, an ongoing prospec-
tive multicenter study to follow children who have experienced
prolonged febrile status epilepticus, will definitively determine
whether there is a relationship between this initial event and the
occurrence of temporal lobe epilepsy (TLE) and hippocampal scle-
rosis. In this study, about a third of the patients have been identi-
fied so far as having had an HHV6 infection [14]. Of 226 patients
displaying prolonged febrile seizures, hippocampal T2 hyperinten-
sity and increased volume have been observed acutely in 22 chil-
dren. At follow-up, 14 children of the 22 with acute T2
hyperintensity, hippocampal sclerosis was seen in 10, and a reduc-
tion of hippocampal volume in 12 children [15]. In the future, the
follow-up of this cohort may reveal for the first time the link
between FSs and TLE in humans.

Looking at genetic studies that link FSs and the occurrence of
TLE, an association between the interleukin-1f 511T allele, pro-
longed FSs, and the emergence of TLE was first reported in the
Japanese population [16]. These data have been challenged by
other studies. However, a recent meta-analysis tends to confirm
the link between IL-1f gene polymorphism and TLE [17].

Fever as a Trigger for Seizures in Children and
Adolescents with Epilepsy

It is well known that some factors precipitate seizures in patients
with epilepsy. Fever seems to be one of them, in particular in chil-
dren. A study conducted in children with intractable epilepsy
reports that 62% (of 120 children with intractable epilepsy) cited
at least one precipitating factor for seizures. The three most com-
mon precipitants were illness or fever (32%), sleep deprivation
(13%), and menstruation (10%) [18]. The frequency of patients
reporting fever as a precipitating factor is lower in adults (14% of
400 patients with epilepsy) [19].

In addition to this general observation, it is now well established
that some epilepsy syndromes are more strongly linked with sei-
zure precipitation by fever. Evidence in this regard has been pub-
lished for patients with Dravet syndrome or Panayiotopoulos
syndrome.

Dravet syndrome or severe myoclonic epilepsy is a refractory
epilepsy. A mutation in the gene for the alpha-1 subunit of the
voltage-gated sodium channel (SCN1A) is observed in most of
these patients (70-80%). The seizure history usually starts with a
febrile partial status epilepticus occurring before the age of 1. This
first seizure is often considered a complex febrile seizure, but
shortly thereafter, both FSs and seizures without fever occur, lead-
ing to diagnosis. It is now well established that several triggers
may precipitate seizures in Dravet syndrome. Fever is the most
frequent trigger, remaining throughout the course of the disease.
Immunizations as well as hot baths may also trigger seizures [20].
It is currently difficult to draw any conclusion as to the mecha-
nisms leading to seizure precipitation in Dravet syndrome. Both
hyperthermia, as reported by patients taking hot baths, and
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Figure 1 Mechanisms of FSs. The association of several factors is
involved in each patient, among which are an immature brain, an increase
in body temperature, inflammatory responses, genetics, and viral
infection. FSs are genetically complex disorders believed to be influenced
by variations in several susceptibility genes. Six FS susceptibility loci have
been identified: FEB1 (8q13-g21), FEB2 (19p13.3), FEB4 (5q14-q15), FEB5
(6g22-024), FEB6 (18q11.2), and FEB7 (21g22). Recently, several
association studies on FSs have been reported, but the results vary
among groups and no consistent or convincing FS susceptibility gene has
emerged. IL-1f increases NMDA receptor function through the activation
of tyrosine kinases and subsequent phosphorylation of the NR2A/B
(GIuN2A/B) subunit, resulting in an increase in NMDA-induced calcium
influx. TNFor causes an increase in the surface expression of neuronal
AMPA receptors, responsible for an increase in synaptic efficacy. Viral
infections are the most common causes of fever in cases of FSs. Human
herpesvirus-6 and influenza are frequently discussed as possible inducing
factors for FSs because of their neurotropic properties, but the role of the
viruses and the related inflammatory response remain poorly understood.

inflammation per se seem able to trigger seizures. Immunizations
are also a frequent trigger although hyperthermia is not always
observed [21,22]. Recent studies exclude the contribution of
immunization as well as of the number of prolonged seizures to
the long-term outcome of Dravet syndrome [23-25].

Panayiotopoulos syndrome is an age-related focal seizure disorder
occurring in early and mid-childhood. It is characterized by sei-
zures, often prolonged, with predominantly autonomic symptoms.
EEG recordings usually show shifting and/or multiple foci, often
with occipital predominance. Autonomic seizures in Panayiotopou-
los syndrome consist of episodes characterized by emetic symptoms,
usually accompanied by other autonomic features (color changes,
especially pallor, pupillary changes, cardiorespiratory, and thermo-
regulatory alterations) and more conventional ictal clinical manifes-
tations such as the unilateral deviation of the eyes and convulsions
[26]. Panayiotopoulos syndrome starts at 3—6 years of age in most
cases and affects about 6% of children aged 1-15 years with sei-
zures [27]. Both an increased rate of febrile seizures [27] and the
occurrence of autonomic seizures during a febrile illness [28] have
been reported in patients with Panayiotopoulos syndrome.

These reports point to the role of fever as a precipitating factor.
However, there are no data regarding the involvement of inflam-
mation in these observations.
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Acute Encephalopathy with Inflammation-
Mediated Status Epilepticus

Acute encephalopathy with inflammation-mediated status epilep-
ticus has been suggested to include two conditions that occur in
specific age groups. These conditions, hemiconvulsion—hemiplegia
syndrome (HHS) and fever-induced refractory epileptic encepha-
lopathy in school-aged children (FIRES), share common clinical
characteristics. They probably also share similar underlying mech-
anisms [29].

Both HHS and FIRES involve severe seizures evolving into sta-
tus epilepticus and are triggered by fever but without an identifi-
able cause [30-33]. Fever might have preceded the onset of
neurological symptoms and may no longer be present. Whether
fever itself or some other factor is the trigger remains to be deter-
mined. The outcome is very severe with strong motor and cogni-
tive involvement as well as refractory epilepsy [33]. These
conditions were formerly called “encephalitis”. Apart from fever,
no humoral or cellular expression of inflammation or microorgan-
ism has been found. In these conditions, the epileptic phenome-
non itself seems to play a larger part than the infectious trigger (in
contrast to encephalitis with virus-induced brain damage). Acute
encephalopathy with inflammation-mediated status epilepticus
seems to result from the synergy of inflammation and status epi-
lepticus, the latter resulting partly from inflammation itself, and
contributing to the induction of inflammation, thus generating a
vicious cycle that leads to major neurological consequences [29].
Brain maturation might be the key factor explaining the age
dependence of the clinical presentations. HHS mostly occurs
between 1 and 4 years while FIRES is reported in children
between 4 years and adolescence [29].

Infectious Encephalitis

Infectious encephalitides are defined by pronounced brain inflam-
mation in response to a CNS infection. They are most often associ-
ated with seizures during the infection period [34,35] and are
established risk factors for the development of epilepsy at a later
time [34,36,37]. Although many infectious encephalitides are of
unknown origin, the majority of clinical studies point to a viral
origin in most of them (Whitley, 1990; Davison, 2003). Common
viruses associated with encephalitis-induced seizures are herpes
simplex and cytomegalovirus (CMV). Children are three times
more prone to viral encephalitis than adults [38,39], and in the
pediatric population, infants under 1 year are particularly affected
[38]. Both mechanisms leading to increased seizure occurrence at
the time of infection and mechanisms of encephalitis-induced
epileptogenesis are poorly understood. Virus-induced cell injury,
brain inflammation, and initial prolonged seizures seem to be the
key factors contributing to epileptogenesis after the acute phase of
encephalitis.

Autoimmune Encephalitis

Autoimmune encephalitis is caused by the presence of antibodies
binding to the neuronal surface. There are now more than six
types of antibodies that have been described. In children, the most
frequent types also occur with limbic encephalitis related to
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antibodies targeting the voltage-gated potassium channel (VGKC)
complex and encephalitis related to antibodies targeting the
NMDA receptor (NMDAR) [40].

Limbic encephalitis consists of an alteration of mental status
associated with cognitive involvement. There are also seizures that
usually originate in the temporal lobe. The antibody most strongly
associated with LE is the VGKC antibody, which in fact consists of
three different categories targeting three different proteins: cont-
actin-associated protein-like 2 (CASPR2), leucine-rich glioma
inactivated 1 (LGIl), and contactin-2. In recent years, clinically
distinct features have been described for the various subtypes of
limbic encephalitis. This encephalopathy appears to be reversible
when treated with immunotherapy, correlating with a decrease in
the elevated serum antibody titer.

In the case of anti-NMDAR encephalitis, the symptoms are
characterized by psychiatric symptoms, dyskinesias, and seizures.
This autoimmune encephalitis is among the most common in chil-
dren and young adults. On MRI, the cortex might be involved and
this involvement might be restricted to the temporal lobe. CSF
analyses confirm the intrathecal synthesis of anti-NMDAR anti-
bodies. In adult patients, this disorder is associated with ovarian
teratoma in 40% of cases, and 76% develop seizures in the acute
stages [41].

The exact mechanisms underlying autoimmune encephalitis
are under investigation. It is still unclear whether the autoanti-
bodies are responsible for all the symptoms or whether nonspecific
inflammation also contributes to them, for example, through the
release of proinflammatory cytokines. The most recent study
shows that the antibodies are responsible for receptor internaliza-
tion. This downregulation of surface NMDARs modifies the
homeostasis of synaptic plasticity mechanisms, contributing to dis-
ease progression [42].

Rasmussen Syndrome or Rasmussen'’s
Encephalitis

Rasmussen syndrome is a rare progressive disease with drug-
resistant focal epilepsy (epilepsia partialis continua) followed by
progressive hemiplegia and cognitive decline. The progression of
the disease is associated with unilateral hemispheric brain
atrophy.

Neuropathological studies of the involved hemisphere demon-
strate the presence of cortical inflammation, neuronal loss, and
gliosis. The progression of this immune-mediated disease is asso-
ciated with both an adaptive immune reaction characterized by a
T-lymphocyte response, and an innate immune reaction facili-
tated by both microglia and astroglia [43]. It is interesting to
know that recently case series of surgical specimens have also
revealed a dual pathology with both focal cortical dysplasia (FCD)
and Rasmussen syndrome [44,45]. This suggests that Rasmussen’s
encephalitis might be a form of inflammation superposed on
FCD.

Careful analysis of the association between the histopathology
and clinical presentation suggests that T cells and microglia medi-
ate the initial damage to the brain. Most of the inflammatory T
cells are CD8", and about 10% of these are granzyme-B*. Such
granzyme-B™ cells have been found in apposition to neurons and
astrocytes, with a polarization of the cytotoxic granules to face the

© 2014 John Wiley & Sons Ltd
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target cell membrane [46]. Microglia, by releasing proinflammato-
ry cytokines, might contribute to the occurrence of seizures but
this needs to be further investigated [3].

Some rare cases of patients with autoantibodies have been
described (against GIluR3, the alpha-7 nicotinic acetylcholine
receptor or Munc-18-1, a neuronal protein essential for synaptic
vesicle release). However, these reports are limited and do not
provide any evidence that these autoantibodies are responsible for
Rasmussen’s encephalitis [47].

Advances in neuroimaging suggest that the progression of the
inflammatory process as visualized by MRI might be a good bio-
marker of disease progression. Immunomodulatory treatments
seem to slow rather than halt disease progression, without chang-
ing the eventual outcome. Thus the real challenge in clinical man-
agement is to determine the right time to shift from medical
management to surgery [47].

Brain Inflammation in Structural Focal Epilepsy

Focal epilepsy accounts for at least half the new-onset epilepsy
cases in children. The etiologies are diverse, and range from
“benign” epilepsy syndromes with normal neuroimaging to focal
malformations of cortical development or hippocampal sclerosis
with intractable seizures persisting throughout life. Various types
of structural changes may be associated with epilepsy, some of
which are more commonly associated with intractability. FCD,
an abnormality of cortical development, is one of the most com-
mon abnormalities reported in children undergoing surgery.
FCDs are classified into three major types, with Types I and II
referring to isolated FCD, and Type III referring to dysplasia asso-
ciated with other epileptogenic lesions, such as hippocampal scle-
rosis or tumors [48]. Hippocampal sclerosis is also a pathological
finding that is observed in children with refractory TLE, but
mesial TLE with hippocampal sclerosis is mostly observed in
adult patients.

Inflammation in focal epilepsy has been investigated in surgical
samples from patients with refractory epilepsy. Inflammation in
structural focal epilepsy has been documented in FCD and in
tubers from tuberous sclerosis patients (Table 2). There are more
reports on inflammation in TLE with hippocampal sclerosis, but
most of these come from studies in adult patients. Both microglial
activation and IL-1§ are commonly observed in TLE (Table 2).
The inflammation observed in focal epilepsy can be clearly differ-
entiated from inflammation in Rasmussen’s encephalitis, where
cells of the adaptive immune system are strongly represented in
the lesional tissue.

Proinflammatory signaling is also activated in developmental
lesions associated with epilepsy [49-51]. The activation of astro-
cytes and microglia-macrophages has been described in FCD speci-
[49,52,53]. IL-1§ is frequently observed in focal
malformations of cortical development (Table 2). IL-1f has been
shown to have proconvulsant activity in different models [3,51].
Activated glia in surgical FCD specimens, tubers from patients
with tuberous sclerosis and gangliogliomas also display the expres-
sion of Toll-like receptors (TLR) 2 and 4, receptors for advanced
glycation end products (RAGEs) and their endogenous ligand,
cytoplasmic high-mobility group box (HMGB) 1. TLR4 and RAGE
have also been described in dysplastic neurons [52]. Moreover,

mens
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Table 2 Studies investigating inflammation in surgical samples from patients with refractory epilepsies

References Age Population Findings
83 Adults 18 TLE with HS NFkB
84 Adults TLE (8 HS + 6 non-HS) Activated microglia and activation
of the classical complement pathway
in cellular and perivascular elements in HS
85 Adults TLE (12 HS + 6 non-HS) Neuronal and glial activation of the IL1/ system
86 Children 5 TLE IL1b and miR-146
87 Adults 6 TLE COX-2, TGF-f5, NF-xB
88 Adults TLE TLR-4 related to seizure frequency
51 Mostly adults 9 FCD, 9 DNT, 9 IL-18, IL 1-RA and IL-1p receptors
Ganglioglioma correlated with clinical course
49 Adolescents 20 FCD Activated microglia within the dysplastic cortex
89 Children and Adults 9 TSC Microglial activation, IL1b, complement cascade
activation, focal changes in BBB permeability
53 Children 6 FCD, 5 Astrocyte and Microglial activation
encephalomalacia, IL-1b IL-8, IL-12p70 and MIP-1f3
1 TLE
50 Adults 17 FCD Microglia activation
(8 1B and 9 IIA) mTOR only in FCDIIA
IL-18 and MCP1 mainly in FCD Il
52 Mostly adults 6 FCD, 6 TSC, Intralesional overexpression and cellular

6 Ganglioglioma

distribution of HMGB1 and its cognate
receptors TLR2, TLR4 and RAGE

BBB, blood-brain barrier; COX-2, cyclo-oxygenase 2; DNT, dysembryoplastic neuroepithelial tumor, FCD, focal cortical dysplasia; HMGB1, high-mobility
group box 1; HS, hippocampal sclerosis; IL1f, InterLeukin 1/, IL1-RA, IL1 receptor antagonist; IL6, Interleukin 6; mi146, microRNA; mTOR, mammalian
Target Of Rapamycin; NFkB, nuclear factor-kappa B; MCP1, Monocyte chemoattractant protein 1; MIP-1, Macrophage inflammatory protein-14; TGFf,

Transforming growth factor f; TLE, temporal lobe epilepsy; TSC, tuberous sclerosis complex.

the activation of HMGB1-TLR4 and HMGB1-RAGE signaling has
been described in experimental models of epilepsy in adult
rodents, suggesting that this pathway represents a possible mecha-
nism of epileptogenesis [54,55].

Experimental Models

As for humans, in whom the incidence of epilepsy is highest in
infancy, in experimental animal models the immature brain
shows increased susceptibility to seizures [56]. However, the
immature brain seems less vulnerable to status epilepticus-
induced injury and the ensuing epileptogenesis [56]. In the lith-
ium-pilocarpine model of status epilepticus, a significant level of
status epilepticus-induced cell injury is observed at P14. In 2- and
3-week-old pups, cell injury is mainly observed in the CAl. At
P21, the injuries to the hilus and CA3 attain an adult-like pattern,
whereas neuronal injury in the amygdala increases progressively
with age [57]. Lithium-pilocarpine-induced status epilepticus at
P14 results in significant epileptogenesis with spontaneous recur-
rent seizures in approximately 10 to 20% of rat pups [57,58].
When status epilepticus is induced at P21 or P28, the percentage
of animals with spontaneous recurrent seizures is close to the rate
of epileptic animals generated by the same model in adult rats
[57].

Experimental models of febrile seizures or induced inflamma-
tion in models of status epilepticus have been instrumental in
deciphering the role of inflammatory pathways in seizure occur-
rence and epileptogenesis in the immature brain.
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Inflammation as a Result of Seizure in the
Developing Brain

Inflammation Activation After Prolonged Seizures in
the Immature Brain

As in adult rodent models, prolonged seizures induce an inflam-
matory response in the developing brain. This inflammatory reac-
tion is variably associated with neuronal loss, depending on age.
In adult animals, studies have demonstrated that the innate
inflammatory response following seizure comprises the genera-
tion of inflammatory mediators including proinflammatory cyto-
kines, prostaglandins, complements, and free radicals, as well as
the activation of microglia, astrocytes, and endothelial cells of the
blood-brain barrier. Immune cells from the blood are also
recruited. More recently, the interaction of HMGB1 with
TLR4 has been described as a crucial event for the initiation of
brain inflammation and the lowering of the seizure threshold
[55]. HMGBI1 is considered to be a danger signal released by
injured or stressed cells to alert the microenvironment of an
immediate or ongoing injury. Once activated, glial cells sustain
the inflammatory response in injured regions by releasing more
inflammatory mediators and chemokines and modulating adhe-
sion molecule expression [3].

In the developing brain, there is less information available and
the investigation of inflammatory pathways has been conducted
in a less extensive manner. Using kainate-induced status epilepti-
cus in the developing brain, it has been shown that 4 h after the
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start of status epilepticus, glial activation occurs, predominating in
the hippocampus. This process affects all parts of the hippocampus
indifferently (the CAl, CA3, and dentate gyrus) and increases
with age [59]. A developmental profile of cellular activation has
been described, with limited microglial and astrocytic activation in
P9 rats, but strong activation in P15 and P21 rats [59,60]. In P9
rats, no cytokines are detectable. In P15 rats, IL-1 mRNA is up-
regulated in the hippocampus. In P21 rats, IL-1f, IL-6, TNFe, and
IL-1RA were all upregulated [60].

In P11 rats, prolonged hyperthermic seizures and hyperther-
mia-induced status epilepticus (HSE) lead to strong astrocytic acti-
vation and mild microglial activation 6 h after seizure onset. At
24 h after HSE onset, glial activation is accompanied by IL-1/ pro-
duction in the hippocampus. At 48 h, the upregulation of IL-1f is
no longer visible. However, the resolution of glial activation has
not been studied [61].

Few studies have examined the inflammatory response induced
by status epilepticus in the developing brain, although an astro-
cytic activation by IL-1f of microglial origin has been observed
after seizures in both the mature and immature brain [61,62]. Tt
would be interesting to know whether the inflammatory
response, when present, follows the same pattern in adult and in
immature animals. There is currently no study that explores the
role of HMGBI1 in the developing brain, and it is unknown
whether there is any difference in the expression or release of this
molecule during development.

Relationship between Status Epilepticus-
Induced Cell Injury and Inflammation

In the developmental study using kainate-induced status
epilepticus, Rizzi et al. showed a correlation between the levels of
upregulated cytokines and the occurrence of status epilepticus-
induced neuronal injury [60]. In P9 rats, no neuronal injury is
observed while scattered injured neurons are detected in the CA3
and subiculum in P15 rats. At P21, the neuronal damage is more
pronounced, with FluoroJade-B-positive neurons in the CA1 and
CA3 and in other regions in 40% of the animals. The age depen-
dence of neuronal injury seems to be correlated with glial activa-
tion (microglia and astrocytes) and the level of proinflammatory
cytokines. The activation of the inflammatory response is
observed before cell injury, suggesting the involvement of cyto-
kines in seizure-induced injury. Due to the developmental charac-
teristics of the kainate model of status epilepticus, different doses
of kainate were used in this study, limiting the interpretation of
the results.

In the lithium-pilocarpine model of status epilepticus, it is well
established that rat pups display a lower level of neuronal injury
than adult rats. An age-dependent pattern of neuronal injury has
been described, but the inflammatory profile has not been well
described. One week after pilocarpine-induced status epilepticus,
no IL-1 immunoreactivity is detected in P9 rats, while it is clearly
observed in P21 rats [63].

When inflammation is induced before the induction of status
epilepticus by a systemic injection of lipopolysaccharide (LPS), an
increase in the degree of cell injury is observed in models of status
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epilepticus in the developing brain. Neuronal injury is enhanced
with a discernible increase of cell injury in P7 rats and increases of
cell injury in P14 rats compared to the lithium-pilocarpine model
[641].

These data strongly converge to support a role of cytokines in
enhancing neuronal death. However, the underlying mechanisms
need to be studied in the field of epilepsy. Microglial activation
might be a key player and contribute to excitotoxicity. Activated
microglia and neurons take part in a reciprocal relationship where
microglia release neurotoxic factors and damaged neurons further
activate microglia through microglial NMDAR. IL-1 appears to be
one of these factors [65].

Inflammation Increases Seizure
Susceptibility

To examine the experimental data on inflammation and epilepsy,
we will arbitrarily distinguish between the role of inflammation in
the occurrence of seizures (ictogenesis) and its role in epileptogen-
esis. From clinical observations, the etfect of inflammation on sei-
zure susceptibility has been suspected for a long time (See
Table 1).

Inflammation Triggers Ictogenesis
Animal Models Mimicking Febrile seizures

As mentioned in the section on human data, several factors seem
to contribute to the occurrence of febrile seizures. By definition, a
child who experiences a febrile seizure presents an increase in
body temperature. This increase is the result of a change in the
thermoregulatory system induced by an inflammatory response,
which is in turn induced by an infection. The causes of fever in
cases of febrile seizures are mainly of viral origin [11,12]. Based
on clinical observations, two main types of animal models of feb-
rile seizure have been established. The first group is based on the
induction of hyperthermia while the second primarily induces
peripheral inflammation in a model of seizure or status epilepti-
cus.

Models of Hyperthermic Seizure

The main model of hyperthermic seizure consists of increasing
body temperature in P10-P11 rats by a heated airstream [61,66—
68]. The mean increase of core temperature is around 2.9°C,
which has been claimed to be in agreement with the increase
in temperature observed in children experiencing FS (Berg
1992; el-Radhi 1986). In rat pups, seizures are characterized by
motor arrest, chewing, forelimb clonus, and in some cases, body
flexion with biting. Generalized tonic seizures are rarely
observed [66]. The seizure threshold temperature and seizure
duration are usually the parameters used to study ictogenesis.
The role of IL-1f in ictogenesis has been investigated using this
model in mice. An i.c.v. injection of IL-1f lowered the thres-
hold for hyperthermic seizures in mouse pups. A high-dose
i.c.v. injection of IL-1f was even capable of inducing seizures
without a thermal trigger [69].
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Fever Model

To induce fever in animal models, injections of LPS have been
used. In adult rats, the injection of LPS results in a biphasic
increase in body temperature driven by an inflammatory
response. The use of LPS in rat pups does not result in such an
increase in body temperature when at room temperature. How-
ever, an increase in body temperature is observed when the room
temperature is about 30°C, corresponding to thermoneutrality in
rat pups [70].

When LPS is injected i.p. 2 h before a subconvulsant dose of ka-
inate (1.75 mg/kg), P14 rat pups experience an increase in body
temperature and seizures. They exhibit face scratching, lying on
one side, and wet-dog shakes [70]. At the onset of seizures, IL-1f
is significantly increased in the hippocampus but not in the hypo-
thalamus or cortex when compared to rats that do not undergo
seizures, despite the fact that they are also treated with LPS and
kainate. When IL-1f is given i.c.v., the number of animals seizing
after a subconvulsant dose of kainate is significantly increased and
the time to seizure onset is reduced, while the opposite occurs
after i.c.v. injection of IL-1RA. Thus, IL-1f clearly contributes to
seizure occurrence in P14 rats in this model [71,72].

In contrast, LPS at low doses, which does not increase core tem-
perature, also does not change acute susceptibility to short hyper-
thermic seizures in either P11 or P16 rats [73]. However, these
animals develop a lower threshold for pentylenetetrazol (PTZ)-
induced seizures when they are adults. A similar nonfebrile dose
of LPS does not exacerbate lithium-pilocarpine-induced status epi-
lepticus at P7 or P14, although it does induce a delay in the onset
time of status epilepticus; however, these rats display an increase
in seizure-induced hippocampal damage [64]. It appears from
these findings that relatively low doses of LPS in immature rats,
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which do not increase core temperature, do not alter acute suscep-
tibility to seizures although they increase seizure-induced cell loss
(described above) and long-term predisposition to seizures,
described later in this article. The effects of LPS in immature and
adult animals are clearly different, as nonfebrile doses also exacer-
bate seizures in adults [74,75].

The mechanisms underlying these effects, and the role played
by fever and brain inflammation in determining the threshold to
acute seizures, remain to be elucidated. However, these studies
provide evidence that inflammation contributes to the occurrence
of seizures in the developing brain.

Role of Inflammation in Epileptogenesis

In addition to its role in seizure precipitation, inflammation has
been implicated in epileptogenesis [2]. Several studies show that
an inflammatory episode during gestation or early life has a long-
term impact on seizure susceptibility or even a pro-epileptogenic
effect.

Double-hit models with status epilepticus-kainate show that a
first hit due to an early status epilepticus predisposes the subject to
increased seizure susceptibility in response to a second hit. This is
accompanied by greater glial activation with the two consecutive
hits than with a single hit. The administration of minocycline,
which effectively reduces glial activation, between the first and
second hits protects from the long-term epileptogenic effect of
early-life seizures [76]. Treatment with minozac, an experimental
molecule that targets proinflammatory cytokine production,
attenuates the enhanced microglial and cytokine responses,
resulting in decreased seizure susceptibility in adulthood [77].
Both studies suggest that microglial activation and proinflamma-
tory signaling occurring in the developing brain can contribute to

Table 3 Summary of the modifying effects of inflammation on seizure/Status epilepticus model in the developing brain

Consequences of seizure-inducing agents in naive

animals Consequences of seizure-inducing agents after an immune challenge
Seizure occurrence / Type of Inflammation-induced
cell injury Epileptogenesis immune challenge modification
Short Hypethermia-induced seizures No LPS Absence of cell injury
Hyperthermic No cell injury Only for Prolonged Decrease of Sz threshold in adulthood [73].
Seizure HS or HSE
Kainic acid Dose dependence on No Epileptogenesis LPS Increased cell injury in P17 [90]

seizure precipitation
No cell injury in
immature brain
P7: Very little
P14: CA1 Yes in 10-20%
P21: Hilus-CA3 Yes

After P7 SE: No
After P14 SE:
10-20% SRS

Lithium pilocarpine

57] After P21 SE:
about 100% SRS
[57]
Rapid Kindling No Epileptogenesis
[91-93]

Induced hyperthermic seizure with
subconvulsant dose of kainate in P14 [70]
Decreased seizure susceptibility in adulthood

LPS Increased SE-induced cell injury [64]
Increased epileptogenesis after SE at P14 [81]
IL1p Increase SE-induced cell injury

(Auvin, unpublished)

LPS Increased Epileptogenesis without change
in hippocampal excitability [81]

HS, Hyperthermic Seizures; HSE, Hyperthermic Status Epilepticus; IL1p, InterLeukin 1f; LPS, Lipopolysaccharides; P7, 7th postnatal day.
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the long-term modification of brain excitability. In the model of
prolonged hyperthermic seizures in P11 rat pups, IL-1f is chroni-
cally upregulated in rats developing spontaneous limbic seizures
compared to rats exposed to prolonged FS without spontaneous
seizure development [61].

Inflammation by itself occurring during a particular window of
maturation also has a long-term effect on brain excitability. When
LPS is administered to P7 or P14 rats, but not younger (Pl) or
older animals (P20), seizure susceptibility is increased when these
rats become adults, as assessed using PTZ-, lithium-pilocarpine-
and kainate-induced seizures [78]. Viral-like inflammation
induced in P14 rats by the i.c.v. injection of polyinosinic:polycyti-
dylic acid (Poly I:C), a TLR3 agonist, is also responsible for
increased seizure susceptibility in adulthood, as shown using PTZ-
and lithium-pilocarpine-induced seizures [79]. Moreover, the
early immune challenge also has an impact on cognitive function
and anxiety [79,80]. When Poly L:C is given i.c.v., IL-1f5, and TNFux
are upregulated at P14 but the expression levels of these cytokines
are not different in adulthood. However, an increase in the mRNA
levels of NMDAR subunits, GluN2A, GluN2C, and GluA1l has been
noted [79]. There is currently no evidence that an immune chal-
lenge results in spontaneous recurrent seizures even whether the
inflammation occurred during a specific period of time during
development.

Inflammation in the immature brain also acts as a disease modi-
fier when it is coupled to a second hit. Inflammation aggravates
the consequences in all models of seizure, but it does not modify
the main characteristics of each model. These multiple-hit models
highlight the importance of inflammation in epileptogenesis
(Table 3). Moreover, these models are of great value from a trans-
lational point of view. Thus, the systemic injection of LPS in P14
rats before lithium-pilocarpine-induced status epilepticus does not
change the severity of acute status epilepticus but results in more
severe spontaneous seizures in adulthood [81]. The number of
epileptic animals is also increased. However, no significant
changes in cell number in the CA1 sector are observed in LPS-pre-
treated rats, although in some animals, FluoroJade-positive cells
are detected, suggesting ongoing neurodegeneration, which is
absent in rats not preexposed to LPS. The CA1 of rats pretreated
with LPS also displays more intense reactive gliosis [81]. Using
rapid kindling in P14 rats, it has been found that LPS enhances
epileptogenesis and increases hippocampal excitability after
the completion of kindling. These effects are prevented by
IL-1RA suggesting the involvement of IL-1f in the mechanisms
underlying hyperexcitability [58]. More recently, an increase in
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epileptogenesis assessed by rapid kindling has been shown in an
animal model of autism, consisting of prenatal (E12 to E16 embry-
onic days) immune activation by Poly I:C. The use of neutralizing
antibodies to either IL-1f or IL-6 counteracts the pro-epilepto-
genic effect of Poly I:C, implicating these two cytokines in the
pro-epileptogenic effect of maternal infection [82].

In summary, studies conducted in immature animals show that
inflammation contributes to both ictogenesis and epileptogenesis,
as has been established in adult experimental models.

Conclusion

It is clear that inflammation and epilepsy are linked in various
manners even in the developing brain. However, there is a need
for more experimental studies in the developing brain. First, there
are some epilepsy syndromes for which there is no available
model (e.g., Rasmussen’s encephalitis). Moreover, the available
animal models might help to further understand the role of
inflammation in some clinical conditions (the contribution of
inflammation to seizure precipitation in the Dravet mouse model,
the role of inflammation in epileptogenesis in models of focal cor-
tical dysplasia). Finally, it is still unclear why FS occurs only in
infants and children. This is also a question that could be
addressed by a comparison of the role of inflammation in ictogen-
esis and epileptogenesis at various ages using the appropriate
models of seizure/epileptogenesis.

More importantly, experimental studies are needed to better
dissect the mechanisms underlying inflammation in the develop-
ing brain. As shown in this review, the mechanisms linking
inflammation to ictogenesis/epileptogenesis have been described
in detail using experiments performed in adult animals or by ana-
lyzing brain samples from adult patients. A particular evaluation
of components contributing to inflammatory responses that
evolve during development (e.g., the blood-brain barrier, micro-
glia, etc.) might be of particular interest.
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