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Abstract
Seizures are a prominent clinical feature of encephalitis. Recent data suggest the adaptive as
well as innate immune system to be involved directly in the pathomechanism of epileptogenesis. Cytotoxic T-cells and antibody-mediated complement activation are major components of the adaptive immune system, which can induce neurodegeneration, thereby
probably contributing to epileptic encephalitis. The innate immune system operates via
interleukin-1 and toll-like receptor-associated mechanisms and was shown to play a direct
role in epileptogenesis. Here, we review neuropathology hallmarks of various encephalitis
conditions such as Rasmussen encephalitis (RE) but also introduce the more recently
discovered antibody-associated voltage-gated potassium channel complex (VGKC),
N-methyl-D-aspartate receptor (NMDAR) or glutamic acid decarboxylase (GAD) 65
encephalitides. Neuropathological investigations are used to determine specific cellular
components and molecular mechanisms used by the immune system to provoke neurodegeneration and to promote epileptogenesis. Based on recent findings, we propose concepts
for the stratification of epileptic encephalitis. Knowledge of the role of the innate immunity
has already translated into clinical treatment strategies and may help to discover novel drug
targets for these epileptic disorders.

THE ROLE OF THE ADAPTIVE IMMUNE
SYSTEM IN SEIZURE INDUCTION
IN ENCEPHALITIS
Most pathomechanisms affecting the central nervous system
(CNS) are capable to provoke seizures and to promote epileptogenesis (see reviews embedded into this mini-symposium). Neurodegeneration, that is, Alzheimer’s disease and other dementias (37,
70) as well as acute brain damage after stroke (68) is increasingly
recognized as cause of epilepsy. Neurodegeneration, as a triggering
event for seizures, can also be an immediate result of a direct and
specific attack by the adaptive immune system during the clinical
course of encephalitis (defined as brain inflammation caused by
infiltration of blood-derived cells). Many infectious (i.e. viral) and
noninfectious encephalitides associate with seizures and this latter
neuropathologic entity will be specifically addressed in this review
as it includes clinically challenging variants such as Rasmussen
encephalitis (RE), or recently described encephalitides associated
with antibodies directed against neural antigens. These encephalitides occur either as paraneoplastic conditions in cancer patients but
develop also in the absence of a tumor, most likely triggered by an
aberrant autoimmune response. Examples of antibody-mediated
encephalitides comprise voltage-gated potassium channel complex
(VGKC), N-methyl-D-aspartate receptor (NMDAR) or glutamic
412

acid decarboxylase (GAD)65 encephalitides. RE typically occurs
in children with seizure onset before the age of 10 in more than
three quarters of affected individuals (7). Interestingly, antibodyassociated encephalitides are likely to occur more frequently in
adults than in children or adolescents (Table 1). However, reliable
epidemiological data is not yet available to verify this clinical
notion and may differ between encephalitis types. NMDAR
encephalitis for example was shown also in children and young
adults with predominance in females (22).

Rasmussen encephalitis
In 1958, the Canadian neurosurgeon Theodore Rasmussen published a report on three pediatric patients with the title “Focal
seizures due to chronic localized encephalitis” (78). Since then,
this disorder is the “index condition” for the study of epilepsies
caused by chronic inflammatory processes. Since the late 1980s,
most researchers and clinicians have used the term Rasmussen
encephalitis (RE) or Rasmussen syndrome for this condition (3,
75). RE is a pathophysiologically fascinating condition as both
seizures and inflammation only are seen in one of two hemispheres.
RE often starts with a “prodromal period” lasting for up to several
years. This prodromal phase however is not obligatory. If it occurs,
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Anti-VGKC complex

Surface antigens
Anti-NMDAR

Anti-GAD65

Anti-Ma2

Usually older people, men two
times more frequently than females

Mainly young females (peak early
twenties). 1/4 to 1/2 of the patients
have ovarian teratomas.

Usually older adults, almost all have
paraneoplastic disease
Young men with testicular cancer or
older people with other types of
neoplasms. Almost all have
paraneoplastic disease
Mainly young female adults

Peak of onset 6 years, occasionally
in about 10% adolescent or adult
onset

Rasmussen encephalitis

Antibody-associated encephalitis
Intracellular antigens
Anti-Hu

Demographical features

Encephalitis

Table 1. Comparison of antibody-associated encephalitides.

Mediotemporal

Functionally: whole brain

Mediotemporal

Mostly complete or good remission
after weeks to years, speeded up
by tumor removal and
immunotherapy
Complete or good remission within
months to 2 years, speeded up by
immunotherapy

Chronic, treatment resistant
temporal lobe epilepsy

Either progression to death or
chronic deterioration
Often better than in anti-Hu

Progression over approximately
1 year, then neurological
stabilization with fluctuating seizure
frequency

One hemisphere, starts usually
in peri-insular area

Mediotemporal (brain stem,
cerebellum)
Mediotemporal (brain stem)

Clinical course

Affected CNS area

Yes

Little

Yes

Yes

Yes

Yes

Neuronal
loss

Antibody-mediated,
complement
activation, lysis

Antibody-mediated
decrease of
NR1 receptors

T-cell cytotoxicity

T-cell cytotoxicity

T-cell cytotoxicity

T-cell cytotoxicity

Possible cytotoxic
mechanisms
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it is characterized by relatively minor symptoms such as mild hemiparesis or infrequent seizures. Thereafter (or as the initial disease
manifestation), the patient enters the “acute stage”, which is characterized by more frequent intractable unilateral simple partial
focal motor seizures, complex partial seizures or secondarily generalized seizures. During this disease course, inflammation seems
to spread across the affected hemisphere, and other seizure semiologies, indicating newly recruited epileptogenic areas, can be
observed. Epilepsia partialis continua (EPC), that is, unilateral
myoclonic twitching of the distal extremities or the face for at least
1 h and with intervals of no more than 10 s (93), is observed in
approximately half of the patients. Within a few months of the
manifestation of epilepsy, progressive loss of neurological function
associated with only one hemisphere starts, typically in the form of
hemiparesis, hemianopia, cognitive deterioration and (if the dominant side is affected) aphasia. After some months and up to 1 year,
the main decline is over, and the patient passes into the “residual
stage” with a stable neurological deficit. Seizure frequency is still
high and often variable but in general lower compared to the “acute
stage” (9, 31, 71).
The neuropathological hallmarks of RE are, besides the inflammation, neuronal loss, the presence of microglia activation, microglial nodules and astrogliosis (Figure 1). These characteristics are
present in most cases and have been described in detail (28, 73, 83).
In addition, we recently showed that, besides the astrogliosis, also
areas exist in which astrocytes are degenerating and lost (5). Some
reports mention the presence of a dual pathology, that is, encephalitis and concomitant vascular abnormality, tuberous sclerosis or
focal cortical dysplasia (72, 90). The question arises whether the
dual pathology of RE patients with focal cortical dysplasia (FCD)
is really a dual pathology or whether these small group of patients
in fact could be FCD type II patients, which recently also have been
described to possess inflammatory infiltrates (45). The pathological
involvement of the adaptive part of the immune system in the
induction of seizures and the neuronal degeneration is still not
completely clear. Reports in the 1990s focused on supposedly
pathogenic antibodies against the glutamate receptor 3 (GluR3),
which were found in serum of RE patients (84). These antibodies
were suggested to kill neurons via an antibody- or complementmediated attack (109). Plasmapheresis in RE patients seemed to
diminish progression, but recovery was limited to a short period of
time (4). Moreover, anti-GluR3 antibodies were absent in a number
of patients (110) and reports also showed that some patients did
not improve clinically after plasmapheresis (32). In our study from
2002 (8), we studied complement C9neo deposition (as a marker
for a potential antibody-dependent pathway, the classical complement cascade) in RE patients but did not find evidence for a
complement-mediated destruction of neurons. Instead, however,
we could demonstrate the presence of cytotoxic T lymphocytes in
close apposition to neurons as well as astrocytes. These cells were
seen to be polarized with cytotoxic granules facing the neuronal or
astrocytic membrane. This and reports showing that the CNS of RE
patients contains restricted T-cell populations that expanded from a
few, to discrete antigenic epitopes responding, precursor T-cells
(53, 87) strongly suggest that cytotoxic T-cells are involved in
neurodegeneration and astrocyte loss in RE. In how far the inflammation is involved in epileptogenesis itself is not completely
known. However, we learned some points from RE. First, it has
been shown that inflammation can precede the occurrence of sei414
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zures rather than the opposite in which the seizures induce inflammation with influx of lymphocytic cell (11, 49). In addition, magnetic resonance imaging (MRI) studies indicate that inflammatory
disease activity in RE may occur outside of the epileptic network,
suggesting that the inflammation can be independent of epileptic
activity (36). Further evidence arguing against a direct effect of
infiltrating immune cells on seizure induction comes from therapeutic studies with inflammation suppressing tacrolimus. In RE
patients, tacrolimus had a positive effect on conservation of motor
and cognitive functions and on brain tissue, but had no effect on
seizure frequency (10). In contrast to the inflammation, the loss of
astrocytes in RE however may have an influence on seizure
induction in RE. Astrocytes support neurons by many different
functions, such as maintenance of potassium homeostasis and
regulation of gamma-aminobutyric acid (GABA) and glutamate,
neurotransmitters critically involved in epileptic processes (26,
98). Therefore, astrocytes are indispensable for normal functioning
of neurons. The presence of astrogliosis and loss of astrocytes in
RE are interesting with respect to seizure induction as several
reports showed that hypertrophic astrocytes can aggravate or
induce seizures in epilepsy (47, 94). Both the presence of hypertrophic astrocytes as well as their loss therefore may have a serious
impact on the seizure induction in RE.

Antibody-associated encephalitis
A second group of encephalitides with prominent epileptic seizures are antibody-associated encephalitides. These can be divided
in the paraneoplastic (PE) and nonparaneoplastic limbic encephalitis (NPE). Paraneoplastic neurological disorders can affect different parts of the nervous system. Some affect only a single area (eg,
limbic encephalitis or brainstem encephalitis) or a single cell type
[for instance the Purkinje cells of the cerebellum in paraneoplastic
cerebellar degeneration (PCD)]. In many cases however, multiple
areas of the CNS are involved. Many patients with PE have antibodies in their serum that react with both the nervous system and
the underlying primary cancer. In recent years, it has become clear
that the neurological deficits are associated to the specificity of the
autoimmune antibodies, rather than to the underlying tumor. This
can also be seen by the increasing number of reports, which show
encephalitic patients with comparable neurological deficits, including seizures, in which extensive diagnostic tests and follow-up fail
to reveal an underlying cancer. These cases, which can be grouped
under the name of nonparaneoplastic encephalitis (NPE), have
serum antibodies against a variety of neuronal antigens.
In recent years, another way of organizing these conditions with
regard to the location of the antibody targets has acquired relevance. There are antibodies that are directed against intracellular
antigens (such as GAD65 or amphiphysin) or even intranuclear
antigens (such as Hu, Yo and Ma2), the latter being typical onconeural antigens. Secondly, antibodies can be directed to surface
antigens such as the VGKC complex, various glutamate receptors
(NMDA or a-amino-3-hydroxy-5-methy-4-isoxazole propionate
receptors or metabotropic glutamate receptor subunits) or
GABA-B receptor. Most of these antibody-associated encephalitides can occur with or without an underlying neoplasm. The presence of these antibodies is diagnostically relevant. Whether these
antibodies have a pathogenic role however is still a matter of
ongoing investigations. Generally, it is assumed that antibodies
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Figure 1. Pathology in the hippocampus of various forms of encephalitis. Left column shows neurodegeneration (HE or MAP-2 staining),
middle column shows T-cell infiltration by staining for CD3. Right column
shows microglia activation and/or macrophage infiltration by staining for
CD68. (A, bar 500 mm) Hippocampus of RE patient shows complete
neuronal loss in the CA3 region (arrowhead). The arrow shows at the
area in the dentate gyrus, which contains inflammatory cells as shown in
(B, bar: 50 mm) and activated microglial cells (C, bar: 50 mm). D, E and F.
Hippocampus of a paraneoplastic MA2 case. (D, bar: 100 mm) HE staining shows loss of cells (arrowhead) and inflammatory cells. Staining for

CD3 (E, bar:100 mm) and CD68 (F: bar:100 mm) show infiltration of T-cells
and activated phagocytic microglial cells. G, H, I. Hippocampus of a
nonparaneoplastic anti-VGKC complex case. (G, bar 200 mm) Loss
of neurons in CA2 indicated by the arrowhead, staining for MAP-2.
The staining for CD3 shows low numbers of infiltrating T-cells
(H, bar:100 mm) while CD68 shows strongly activated microglial cells
(I, bar:100 mm). J, K and L. Nonparaneoplastic anti-GAD65 case.
(J, bar:200 mm) Staining for MAP-2 shows severe loss in the CA2 region.
The area harbors moderate numbers of CD3+ T-cells (K, bar:100 mm) and
activated microglial cells (L, bar:100 mm).

against intracellular antigens themselves are not pathogenic (34) as
it is hard to imagine how these antibodies, especially in normal
brain, can reach the intracellular neural antigens. Exceptions may
be antibodies to GAD65 (58) or to amphiphysin (29).

The possible role of cytotoxic T lymphocytes is best documented
in the “classical” paraneoplastic encephalitis cases with antibodies
against oncogenes. In neuropathological studies of PE with antiHu, anti-Yo or anti-Ma antibodies, a dominance of CD8 positive
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T-cells in the infiltrates has been described (20, 30, 33, 46, 76, 99
see also Figure 1). Furthermore, a small number of studies have
shown that these T-cells possess cytotoxic granules and are in close
apposition to neurons (33–35) suggesting that cytotoxic T lymphocytes play a role in neuronal cell death (6, 14, 91). Although these
T-cells are found in the neighborhood of neurons, no studies have
actually shown to which antigens these cytotoxic T lymphocytes
are directed. In addition, in pathological studies, evidence that
these lymphocytes actually release cytotoxic substances and
thereby are able to kill neurons is hard to show. Tanaka and colleagues however described that cytotoxic lymphocytes from a
patient with anti-Yo PE could lyse her own Yo protein-expressing
fibroblasts (92). Furthermore, comparable to those in RE studies,
Voltz and colleagues investigated T-cell responses and T-cell receptor usage in PE with anti-Hu antibodies and showed that an
antigen-driven oligoclonal cytotoxic T-cell response might play a
role in the pathogenesis of anti-Hu-associated PE (108). In patients
suffering from paraneoplastic cerebellar degeneration, anti-cdr2specific CD8 positive cytotoxic T-cells are present in the cerebrospinal fluid. Treatment with tacrolimus decreases the number of
these T-cells in cerebrospinal fluid (CSF) but only has a limited
effect on the clinical symptoms (1).
The pathology and the immune mechanisms responsible for the
neurodegeneration and epileptic seizures in cases with antibodies
to neuronal surface antigens are largely unknown. As the group of
these antibody-associated encephalitides is large and constantly
new antibodies against known neural antigens are discovered, it is
difficult to discuss all the individual antibody cases. Therefore, we
selected a number of the more recently described encephalitides.
VGKC complex encephalitis
Antibodies against VGKC complex can be found both in paraneoplastic (16) but usually patients do have nonparaneoplastic
(“idiopathic”) limbic encephalitis (77). Recently, it was shown that
these antibodies are mostly not directed to the potassium channels
themselves but to proteins complexed with them, such as contactinassociated protein-like 2 (Caspr2) (52) and leucine-rich, gliomainactivated 1 (LGI1) (42, 50). Caspr2 is situated in the area of
the juxtaparanodal loop of myelin-surrounding axons. Antibodies
against LGI1 are more often found than antibodies against Caspr2
(42). Clinically, these patients present with histories of memory
loss, confusion, behavioral changes and seizures (19, 105). In addition, patients with LGI1 antibodies present with faciobrachial dystonic seizures preceding a limbic encephalitis (44). Pathologically,
the anti-VGKC complex cases reveal neuronal degeneration in the
presence of infiltrating T-cells and perivascular B-cells (25, 48, 74,
105). Patients with antibodies specific for LGI1 or caspr2 show
inflammation and severe degeneration in the hippocampus (13).
Importantly, antibody-lowering treatments like plasma exchange
have been found to improve the clinical deficits in these patients,
suggesting that the antibodies to the VGKC complex are responsible for the clinical signs (105, 111). In our recent study of four
nonparaneoplastic anti-VGKC complex cases, we found T-cell
infiltrates in hippocampus and cortex. In addition, we also found
the presence of human IgG as well as deposition of C9neo, the end
complex of complement activation, associated with dying neurons
in the hippocampus, thus indicating that an antibody-mediated
complement activation is responsible for cell death in these
416
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patients. Such antibody and complement deposition was not
observed in brain specimens from patients with onconeural antibodies, GAD antibodies or NMDA receptor antibodies and appears
thus specific for this type of encephalitides (13).
NMDAR encephalitis
The clinical syndrome of NMDAR encephalitis was first reported
in 2005 in patients with paraneoplastic encephalitis resulting from
ovarian teratomas harboring antibodies to hippocampal neuropil
(2). Soon after, it was discovered that this particular syndrome
was associated with antibodies against the NR1 subunit of the
NMDAR (22). Anti-NMDAR encephalitis later also was found in
the absence of a tumor in a large number of patients (22, 43). The
syndrome is in many ways remarkable. It mainly occurs in young
females with a peak of age at onset between 19 and 24 years (23).
Clinically, a prodromal stage with symptoms such as fever, nausea,
vomiting or diarrhea may be found in retrospect (40). If present,
after about 2 weeks, patients develop seizures (partial) status epilepticus, short-term memory loss and, in addition, psychiatric
symptoms such as anxiety, insomnia, fear, mania and paranoia.
This phase, again shortly after, is followed by the initiation of
abnormal movements of limb and trunk and oro-lingual-facial
dyskinesias, a sudden spontaneous fall in consciousness and autonomic manifestations such as tachy- or bradycardia, hyperventilation and central hypoventilation (21, 23). At this stage, patients
need to be managed in intensive care units. Remarkably however is
that about three quarters of the patients, despite these severe clinical signs, recover completely (23). The pathology of patients with
antibodies against the NMDA receptor differs from other antibodyassociated encephalitides. First of all, although the disease is
called an “encephalitis,” in the brain parenchyma of PE patients,
only relatively few inflammatory cells are found (18, 96). T-cells,
B-cells and plasma cells are, however, present in the perivascular
space of blood vessels (61). Moreover, the neuronal loss in these
patients is remarkably mild. Neuronal loss in the hippocampus was
detected in only one of four brains studied by Dalmau et al (21). In
some reports, this syndrome therefore is referred to as a “encephalopathy” rather than encephalitis, thereby underlining the functional as opposed to structural character of the damage the disease
causes (43). Concordantly, follow-up MRI studies in most patients
show absence of brain atrophy or even reversible atrophy (41). An
exception to this generally favorable outcome is shown in a case
report recently published in Neurology (95). This male patient died
after a short disease course and, different from the other NMDAR
cases, exhibited severe neuronal loss. The reason for this is
unknown, but it might be related to the presence of a second antibody directed against the glycine receptor in the serum of this
patient which, in addition to the symptoms related to the antiNMDAR encephalitis, also showed the symptoms of progressive
encephalomyelitis with rigidity and myoclonus (PERM). A question remains whether the anti-NMDAR antibodies themselves
really have a pathogenic capacity. In the available presentations of
NMDAR encephalitis, immunoglobulin G binding to hippocampal
neurons is seen in the absence of complement (61, 96), which
suggests that an antibody-mediated complement activation is not
present in these brains. Interestingly, in the hippocampus, a
decrease in NMDAR however is found. Additional experimental
evidence suggests that the NMDAR antibodies therefore in fact
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may act by reducing the density of NMDAR clusters by crosslinking and subsequent internalization of the receptors, leading to a
state of reversible NMDAR hypofunction (39). Further studies
with CSF from anti-NMDAR antibody encephalitis patients suppressed induction of long-term potentiation (LTP) in mouse hippocampal slices (113), suggesting that these antibodies can act as
an NMDAR antagonist and thus may be involved in amnesia. In our
study (13), we studied various immune mechanisms in antiNMDAR cases with neocortical biopsy samples only. Like in other
studies, we did not observe clear cell loss, signs of acute cell
damage or atrophy on brain MRI. Furthermore, we found few infiltrating T-cells, their numbers being lower than in other antibodydefined subgroups (anti-VGKC complex and anti-GAD65 cases
see also Figure 1). Although a few cytotoxic T-cells were present,
we also could not detect any targeting of neurons. This again differs
from the above mentioned case with NMDAR as well as GlyR
antibodies where the authors described strong inflammation and
targeting of neurons by cytotoxic T-cells (95). Taken together, even
though NMDAR antibodies appear to be involved in the clinical
disease process, there is no evidence in favor of a complementmediated or a cytotoxic T-cell-mediated neuronal cell death in this
disease. An exclusive effect of the antibodies in reducing NMDAR
expression in the hippocampus, however, is difficult to reconcile
with the complex progression of the disease, which begins with
features that could stem from medial temporal lobe dysfunction but
progresses to a much broader clinical phenotype including subcortical and even infratentorial brain dysfunction (22, 43).
GAD65 encephalitis
GAD antibodies are associated with a broad spectrum of diseases.
In low-positive titers, they are found in patients with diabetes mellitus type 1 (88, 89). Neurological diseases are associated with very
high GAD antibody concentrations being two to three log ranks
higher than in the diabetic population (65). The spectrum of neurological conditions associated with GAD antibodies ranges is broad
(86). It ranges from stiff-man syndrome (64) over cerebellar ataxia
(38, 85) to limbic encephalitis (56) and pharmacoresistant temporal lobe epilepsy (54), which is probably the chronic form of GAD
antibody-associated limbic encephalitis (106). Some (not epilepsy
related) experimental conditions have provided evidence that
these antibodies might contribute to a loss of GABAergic inhibition (GAD being the rate limiting enzyme in the biosynthesis of
GABA) (57, 58). We studied the brains of nonparaneoplastic GAD
encephalitis patients by histopathology. In the hippocampi of these
patients, we found clear neuronal loss and axonal dystrophy. Ig and
complement deposition however was completely absent from these
brains. As the antigen is intracellular, a T-cell-mediated pathology
would be a likely mechanism (35). Therefore, we looked for signs
of T-cell cytotoxicity. In comparison with paraneoplastic anti-Hu
and anti-Ma2 cases and cases with anti-surface antibodies (antiNMDAR and anti-VGKC complex antibodies) GAD antibodypositive cases showed an “intermediate” ratio of CD8+/CD3+
T-cells in between those of the onconeural cases and those with
antibodies to surface antigens. Of note, the density of parenchymal
T-cells in the GAD antibody-positive patients was lower than in
the onconeural and surface antigen groups. On the other hand,
however, we found clear appositions of multiple cytotoxic
granzyme-B+ T-cells to hippocampal neurons (13). The reason for
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the low density of T-cells is not clear. The absence of an underlying
malignancy as an immunological stimulus may be a reason, something which also has been noted in nonparaneoplastic VGKC
complex cases (48), but also the long disease duration in some of
these patients may have an influence on this. To make things even
more complicated, there have been observations of patients with
GAD antibodies in combination with other antibodies—for
example, to the GABA-B-receptor (15, 34, 51). Similarly, in sera
from stiff person patients with GAD antibodies, additional cell
surface antibodies have been observed (Chang, Vincent, in preparation). Such additional (pathogenic) antibodies to surface antigens
might be an explanation for treatment responses to apheresis
techniques (62, 63).

THE ROLE OF THE INNATE IMMUNE
SYSTEM IN SEIZURE INDUCTION
IN ENCEPHALITIS
The above discussed T-cell cytotoxicity, antibody and
complement-mediated cytotoxicity in encephalitis are part of the
adaptive immune system. These mechanisms play a role in degeneration of neural tissue, which may generate seizures secondarily.
It is however the innate immune system, which may contribute
directly to the induction of seizures. In the CNS, microglial and
astroglial cells are the main cell types activated in the innate
immune response. Upon activation, these cells can produce a large
range of soluble inflammatory mediators, including cytokines such
as interleukins (IL), chemokines, prostaglandins and complement
factors (104). Additionally, glial cells, as well as neurons, can overexpress receptors for inflammatory molecules, including receptors
for proinflammatory cytokines [eg, IL-1b, IL-6 and tumor necrosis
factor (TNF)-a], as well as toll-like receptors (TLR) (82, 104). The
involvement of cytokines in neuronal network excitability was
initially suggested by the evidence that various convulsant drugs
including kainic acid, bicuculline or electrical stimulation of
seizure-prone brain areas, increase mRNA and the related protein
levels of various inflammatory and anti-inflammatory molecules.
The mechanisms by which innate immune proinflammatory pathways contribute to seizures have been studied in experimental
models. Rapid effects of cytokines or prostaglandins on neuronal
excitability have been reported to consist in posttranslational
changes in receptor-coupled or voltage-dependent ion channels
leading to increased glutamatergic neurotransmission, or reduced
GABA-mediated effects (107). Proinflammatory cytokines also
can decrease glutamate reuptake by astrocytes, and can increase
the release of excitatory gliotransmitters by activated glial cells,
possibly also contributing to neuronal network hyperexcitability.
Long-term effects of inflammatory mediators involve gene transcription of proinflammatory genes, which may perpetuate inflammation in brain tissue, and play a role in alterations in blood–brain
barrier (BBB) permeability properties. A compromised BBB in
turn contributes to decrease seizure threshold by inducing ionic
imbalance in the extracellular milieu, as well as astrocytes and
microglia dysfunctions. The persistence of transcript and protein
upregulation in brain is at least in part determined by the severity
and frequency of seizure activity, as well as by the underlying
neuropathology (24, 27, 66, 67, 69, 104). One of the predominant
players investigated presently is IL-1b. In the normal brain, this
cytokine can be upregulated in glial cells by central or peripheral
417
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administration of bacterial lipopolysaccharides mimicking infectious processes, and plays an important role as mediator of
endotoxin-induced responses such as fever, sleep and anorexia
(17, 97). In the absence of infection, this cytokine can also be
induced in the brain by various injuries with proconvulsant or
epileptogenic properties, such as trauma, stroke or seizure activity
(104). In human brain with temporal lobe epilepsy (TLE) or
malformations of cortical development (MCD), IL-1b and its
functional receptor type 1 (IL-1R1) are upregulated, suggesting
activation of the IL-1 b signaling in these forms of epilepsy (79,
81). A neuropathological evaluation by Iyer et al shows that IL-1b
is upregulated in balloon cells, dysmorphic neurons as well as in
activated microglia and astrocytes, in FCD type II but only to a
minor extent in glia in FCD type I (45). Interestingly, this report
also shows that FCD type II patients also have infiltration of cytotoxic T-cells suggesting that the immune mechanisms between
FCD type I and type II are largely different.
As part of the innate system, besides IL-1b, also endogenous
ligands for the TLRs and receptors for advanced glycation end
products (RAGE), such as high-mobility group box 1 (HMGB1),
have been studied in epilepsy. HMGB1 is a chromatin-bound factor
that in physiological conditions enhances transcription of inflammatory genes in the nucleus of neurons, but upon cell damage or
neuronal hyperexcitability this molecule translocates from the
nucleus to the cytoplasm and can be released in the extracellular
milieu to induce proinflammatory signals by stimulation of TLR4
or RAGE (55). In brain tissue from TLE or MCDs, HMGB1-TLR4
signaling is upregulated as previously shown for IL-1b-IL-1R1,
and is also a hallmark of epileptic tissue in experimental models
(59). In addition, TLR2 and RAGE upregulation have been found
in developmental epileptogenic lesions (114).
Pharmacological studies of seizure susceptibility in experimental models have shown that the induction of proinflammatory
innate immunity pathways plays a permissive role in seizure activity. Thus, suppression of acute and chronic seizures can be attained
in mice or rats using specific inhibitors of IL-1b biosynthesis,
by IL-1Ra or by blocking TLR4 (60, 80, 102). In epilepsy models,
injection of IL-1b before induction of seizures enhances the recurrence of these seizures, whereas application of IL-1Ra blocks
this effect (100). Moreover, astrocytic overexpression of IL-1Ra
reduces mice susceptibility to bicuculline and kainic acid seizures
(101). Accordingly, transgenic mice with impaired IL-1b biosynthesis or lacking TLR4 function are intrinsically resistant to seizures (59). Inhibitors of the biologic actions of HMGB1, such as
the peptide box A, also significantly reduce experimental seizures
and delay their precipitation after a convulsant challenge (59).
Furthermore, intracerebroventricular injection of recombinant
HMGB1, by causing activation of TLR4 induces, induces significantly more injury after cerebral ischemia-reperfusion than
observed in TLR4 knockout mice. Interestingly, infiltrating macrophages were found to worsen brain injury in these ischemic
brains (112). This is important information as it suggests that in
those cases where macrophages from the periphery enter the brain
(such as in viral encephalitides), in addition to the intrinsic microglial cells, can influence the course of epileptic seizures. An important aspect of these studies is the translational potential to the
clinical application. The use of inhibitors of the IL-1b signaling or
TLRs inhibitors are already in clinical use for inflammatory disorders, and they might represent an alternative therapeutic strategy in
418
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those epileptic patients, which do not respond to the conventional
anti-epileptic drugs (103).

CONCLUSIONS
Antibody-associated encephalitides are increasingly recognized in
patients with early, as well as late, onset epilepsy. These epilepsies
can be part of a paraneoplastic syndrome. Intriguingly however,
such antibodies can be detected also in non-tumor-related encephalitides. The discovery of these new encephalitides variants explain
a number of cases previously classified as epilepsy of unknown
cause (12). The discovery of even more antibody-associated
encephalitis variants following improved testing of blood serum is
to be expected. A better understanding of ictogenesis, as well as
epileptogenesis in the encephalitic brain, remains challenging as
it involves complex pathomechanisms and a variety of molecular
signals. Recent data suggest seizure initiation by the innate
immune system producing IL-1b. At later stages, the adaptive
immune system may indirectly enhance epileptogenesis by invasion of inflammatory cytotoxic T lymphocytes and antibodymediated complement activation, which destroys neurons and
promotes neurodegeneration. In addition, aberrant cytokine production, failure to maintain potassium homeostasis and to buffer
cytotoxic glutamate as pathogenic contribution of activated astrocytes, can also be considered to participate in the generation of
seizures. This multifactorial induction of seizures and promotion
of epileptogenesis makes it difficult to develop successful antiepileptogenic treatment strategies. The use of inhibitors of the
IL-1b signaling or TLRs inhibitors may, however, be a promising
strategy. In addition, early reduction of inflammatory infiltrates,
especially in those encephalitides with cytotoxic T lymphocytes,
will be necessary to attenuate neurodegeneration and further
induction of chronic seizures.
Christian G. Bien performs serum and CSF antibody testing.
His employer, the Krankenhaus Mara gGmbH, charges sending
institutions for this.
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