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Abstract The mechanisms of epileptogenesis in pediatric ep-
ileptic syndromes are diverse, and may involve disturbances of
neurodevelopmental trajectories, synaptic homeostasis, and
cortical connectivity, which may occur during brain develop-
ment, early infancy, or childhood. Although genetic or
structural/metabolic factors are frequently associated with age-
specific epileptic syndromes, such as infantile spasms and West
syndrome, other syndromes may be determined by the effect of
immunopathogenic mechanisms or energy-dependent process-
es in response to environmental challenges, such as infections
or fever in normally-developed children during early or late
childhood. Immune-mediated mechanisms have been sug-
gested in selected pediatric epileptic syndromes in which acute
and rapidly progressive encephalopathies preceded by fever
and/or infections, such as febrile infection-related epilepsy syn-
drome, or in chronic progressive encephalopathies, such as
Rasmussen encephalitis. A definite involvement of adaptive
and innate immune mechanisms driven by cytotoxic CD8" T
lymphocytes and neuroglial responses has been demonstrated
in Rasmussen encephalitis, although the triggering factor of
these responses remains unknown. Although the beneficial
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response to steroids and adrenocorticotropic hormone of infan-
tile spasms, or preceding fever or infection in FIRES, may
support a potential role of neuroinflammation as pathogenic
factor, no definite demonstration of such involvement has been
achieved, and genetic or metabolic factors are suspected. A
major challenge for the future is discovering pathogenic mech-
anisms and etiological factors that facilitate the introduction of
novel targets for drug intervention aimed at interfering with the
disease mechanisms, therefore providing putative disease-
modifying treatments in these pediatric epileptic syndromes.
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Introduction

The pathogenic mechanisms of epileptogenesis in pediatric
epileptic syndromes are quite heterogeneous, and may involve
overlapping biological processes that include neuronal excit-
ability, synaptic, and neuronal connectivity, adaptive and ge-
netic mechanisms, and immunological responses. Although
neurodevelopmental abnormalities and genetic factors deter-
mine mechanisms of epileptogenesis in several pediatric epi-
leptic syndromes, such as those manifesting with infantile
spasms (IS) [1-3], other factors, such as immune-mediated
responses against the central nervous system (CNS), or envi-
ronmental challenges, such as fevers and/or infections, may
influence the development of aggressive forms of pediatric
epilepsy in normally developed children. The role of immune-
mediated mechanisms or neuroinflammation has been attrib-
uted to selected pediatric epileptic syndromes, such as
Rasmussen encephalitis (RE), a chronic progressive encepha-
lopathy [4], and suspected in others in which the dominant
feature is the presence of seizure disorders associated with
either acute and rapidly progressive encephalopathies
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preceded by fever and/or infections, such as febrile infection-
related epilepsy syndrome (FIRES) [5]. The purpose of this
review is to describe the most important features and discuss
the most up-to-date knowledge of pathogenic mechanisms
involved in epileptogenesis in well-known pediatric epileptic
syndromes, such as RE, IS, and FIRES.

Rasmussen Encephalitis

RE, also known as Rasmussen’s syndrome, is a rare, progres-
sive, unihemispheric neurological disorder of previously nor-
mal children who develop intractable focal seizures, epilepsia
partialis continua, and—as the disorder progresses—
hemiparesis and progressive cognitive decline [4, 6, 7]. The
rate of progression of intellectual and functional deterioration
may range in duration from months to years. As the disease
progresses, the outcome of children with RE is almost invari-
ably a patient with a dense hemiparesis, substantial intellectual
impairment, continued seizures, and a severely impaired qual-
ity of life [4, 8]. RE was originally described by Theodore
Rasmussen in patients with chronic forms of epilepsy in
which neuropathological studies showed cortical
neuroinflammatory changes characterized by active encepha-
litis, perivascular cuffing, lymphocytes, and microglial nod-
ules scattered throughout the gray and white matter, and
marked neuronal loss [6]. Although considered a rare form
of epilepsy, RE does not show a gender preference, and has
been described in almost all regions of the world. Recent
epidemiological studies from Germany and the UK estimate
an annual incidence of 1.7-2.4 cases/10” people aged < 16—
18 years [9, 10].

The clinical profile of patients with RE is variable; howev-
er, characteristically, it is a chronic, progressive disorder that
affects young children, but has also been described during
adulthood [11]. The diagnosis of RE is clinical and based on
unilateral seizures, motor involvement, neuroimaging, and
electroencephalogram (EEG) studies, and may be supported
histopathological changes in brain biopsy studies, although a
“negative” biopsy may be misleading and will not exclude the
possibility of RE [12]. A consensus for diagnostic criteria of
RE was established by European groups in 2005 [13]—guide-
lines that have been validated and that are currently accepted
for the evaluation and diagnosis of RE patients [14]. In most
of the cases, RE may present with a “prodromal period” that
may involve mild motor manifestations, such as hemiparesis,
and seizures that evolve in an “acute stage” characterized by
focal or multifocal seizures that remain mostly unilateral, and
which may occasionally continue to evolve to epilepsia
partialis continua or to bilateral convulsive seizures [4, 15].
Even with the spread of seizures throughout one side of the
body, the seizures do not follow a Jacksonian pattern; unilat-
eral partial seizures predominate, with only rare secondary
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generalization [7]. EEG abnormalities in RE are variable and
reflect the stage of hemispheric disease, although interictal
abnormalities may be seen over the nonaffected hemisphere.
Such a pattern of contralateral activity does not indicate bilat-
eral disease nor appear to reflect cognitive changes [16].
Patients in the late, or “residual”, stages of RE are frequently
affected by severe cognitive deficits, hemiplegia, and in some
language abnormalities, such as aphasias, if the dominant
hemisphere is affected [4].

Neuroimaging studies in patients with RE demonstrate a
characteristic unihemispheric involvement. Magnetic reso-
nance imaging (MRI) in the early stages of the RE may show
subtle T2 weighted (T2W) and fluid attenuated inversion
recovery (FLAIR) signal intensity abnormalities in areas of
the cerebral cortex or subcortical white matter. Those changes
may progress to involve other areas of the cortex and white
matter, widening of sulci, and enlargement of the ventricular
system within the same hemisphere as an indicator of progres-
sion of cerebral atrophy. Frequently, involvement of basal
ganglia structures is seen with fluid attenuated inversion re-
covery, or T2W signal abnormalities and/or atrophy (Fig. 1a)
[17—-19]. Although the rate of progression of atrophic changes
is variable, volumetric studies indicate the hemispheric vol-
ume loss peaks in the first 8 months of disease [18, 20, 21].
Interestingly, topographic analysis of brain atrophy showed
that the frontal lobe and the insula were preferentially in-
volved by the atrophic process. The degree of hemispheric,
parietal, and occipital atrophy was negatively correlated with
the age at disease onset, indicating a more aggressive and
outspread disease in young children than in adolescents [21].
Functional brain imaging with fluorodeoxyglucose-positron
emission tomography scans frequently show hypometabolic
activity within the affected hemisphere [22].

Immunopathogenesis and Mechanisms of Disease in RE

Neuropathological studies in RE disclose multifocal cortical
inflammation confined to 1 hemisphere, a variable degree of
neuronal loss, and gliosis. The most characteristic neuropath-
ological hallmarks of RE are the presence of clusters of
perineuronal lymphocytes (Fig. 1b, ¢) and microglial nodules
(Fig. 1d), along with perivascular cuffing, neuronal cell loss,
neuronophagia, and marked astroglial and microglial activa-
tion in the cerebral cortex [12, 23, 24]. T cell clusters and
neuroglial infiltration may be seen also in white matter and
deep gray nuclear structures, such as putamen and caudate
(Fig. 1c). The patterns of cortical damage in RE include a
“gyral pattern”, with involvement of large areas of the top or
sulcal regions of a gyrus, and, less frequently, wedge-shaped
or “punched out” lesions [12]. Focal neuroinflammatory
changes may be surrounded by normal cerebral cortex, a
finding that suggests sampling errors may occur frequently
with brain biopsies obtained for diagnosis, leading to negative
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Fig. 1 Magnetic resonance (MR) imaging and neuropathological abnor-
malities in Rasmussen encephalitis. (a) T2-weighted MR image shows
cortical atrophy in the left hemisphere most prominent in the peri-insular
region. Note the marked atrophy and increased signal intensity of head of
caudate and putamen. (b) Perineuronal lymphocytic infiltration observed
in the cerebral cortex as seen in a hematoxylin and eosin stain. (c) CD8+
(brown) and CD3+ (blue) T lymphocytes infiltrating the cerebral cortex.
Immunostaining with specific antibodies for identification of T lympho-
cytes (CD3+) and CD8+ lymphocytes. Light brown cells represent reac-
tive astrocytes. (d) Microglial activation (brown cells) and T lymphocyte
infiltrates (blue cells) of the cerebral cortex. Immunostaining with anti-
human leukocyte antigen-Dr (HLADr) antibodies for identification of
microglial cells. (e) Electron microscope imaging of T lymphocytes
(arrows) surrounding a neuron. Note the disruption of the neuronal
membrane produced by one of the lymphocytes (*), which likely repre-
sents an early cytotoxic effect.

results that may be misleading in determining a precise diag-
nosis [12]. Four stages of neuropathological progression in the
cerebral cortex have been described in RE, findings that
demonstrate the progressive cortical damage mediated by T
lymphocytes and neuroinflammation. Early stages of patho-
logical changes disclose discrete focal T cell infiltrates and
microglial activation that evolve to intermediate stages, and
more extensive neuroinflammatory changes and neuronal
loss. End-stage pathological changes include cortical cavita-
tion, marked astroglioisis, and neuronal cell loss [12]. These
neuropathological features are consistent with immune-
mediated mechanisms that involve both adaptive immune
reactions, with T lymphocyte responses, and innate immunity
facilitated by both microglia and astroglia activation [12, 25].

The Role of Adaptive Immunity and T Cell-Mediated
Immunopathogenesis in RE

Immunopathological studies have demonstrated that cytotoxic
CD8" T lymphocytes comprise the most frequent subset of T
lymphocytes that infiltrates the cerebral cortex and white
matter in RE (Fig. 1c). The cytotoxic mechanisms triggered
by CD8" T lymphocytes involve the release of granzyme B
[25] and activation of inflammasome pathways, which in-
cludes the release of interleukin (IL)-1{3 and other inflamma-
tory mediators [26] into the microenvironment of neurons and
neuroglia—mechanisms that appear to play a critical role in
the pathogenic neuroinflammatory process that drives the

progression of RE. Interestingly, spectra-typing of the T lym-
phocytes found in brain tissues from RE patients demonstrat-
ed that these cells were expanded from discrete antigenic
epitope-responding precursor T cells [27], a finding that sup-
ports the view that single, specific brain antigens drive such T
cell responses. At present, the identity of such antigens remain
unknown, but the fact that both neurons and astroglia appear
to be the target of T lymphocyte injury suggests that either
intrinsic autoantigens or foreign antigens from neuroinvasive
pathogens (e.g., virus) may be present in these CNS cells and
act as triggers of T cell cytotoxicity.

Recent studies of brain tissue obtained from RE have also
demonstrated increased expression of messenger RNA of
genes associated with chemokines associated with lympho-
cyte and monocyte trafficking, and cytokines involved with
activation of helper/inducer and memory/effector T lympho-
cytes, such as CCL5, CXCL10, CCL22, CCL23, and CXCL9
and interferon-y [28]. Similarly, the expression of several
inflammasome-related genes, such as IL-103, IL18, NLRPI,
NLPR3, and CASPI were significantly increased in brain RE
tissues compared with mesial temporal sclerosis controls, and
appeared to correlate with the magnitude of clinical involve-
ment [26]. These findings support the view that adaptive
immune responses are central to the disease process in RE.
Unfortunately, therapeutic approaches that use immunomod-
ulatory and immunosuppressive drugs have a limited effect on
the final outcome of RE [29, 30], and many patients undergo
hemispherectomy or surgical treatments as the only approach
to control seizure activity, and the cognitive and neurological
decline associated with disease progression [31-33]. The po-
tential use of new immunomodulatory medications that mod-
ulate lymphocyte trafficking (e.g., Natalizamab) [34] into the
CNS may be of benefit, but larger studies may be needed to
determine the risks versus benefits for prolonged use in pedi-
atric populations [15].

Autoantibodies in Pathogenesis of RE

The potential role of autoantibodies in the pathogenesis of
epilepsy has been explored extensively in recent years [35].
Interestingly, the role of antineuronal membrane receptor an-
tibodies was first noted in animal models and was proposed to
be involved in pathogenesis of RE after demonstration of anti-
GluR3 antibodies and transitory improvement of seizure fre-
quency in a patient with RE treated with plasmapheresis [36].
This initial observation was not validated by subsequent stud-
ies, which showed that anti-GIuR3 antibodies were not spe-
cific to RE and that only few RE patients possess such
antibodies [37]. Similarly, other studies found antibodies
against other neuronal antigens, such as the o«-7 nicotinic
acetylcholine receptor or Munc-18-1, in a few RE patients
[38], but lack of replication of such observations decreased
enthusiasm about their potential involvement. Interestingly,
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the recent explosion of interest around the discovery of anti-N-
methyl-D-aspartate (NMDA) receptor antibody-mediated en-
cephalitis [35] has rekindled interest in the search for autoan-
tibodies in epilepsies, including RE. Antibodies to neuronal
antigens, such as leucin-rich glioma inactivated 1 (LGI1), o-
amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid
(AMPA), and gamma-aminobutyric acid (GABA) receptors,
have been found in patients with limbic encephalitis, in which
seizures may be a main component of the clinical profile [39].
The implications of these observations are particularly impor-
tant for clinical diagnosis, as some of the neurological disor-
ders mediated by these antibodies may mimic the initial stages
of RE, as has been disclosed in a recent case of anti-NMDA
encephalitis [40]. However, in the case of RE, the prevalence
of anti-neuronal antibodies is low, and their presence likely
represents an epiphenomenon secondary to the pathological
process, rather than a causal factor. In addition, the lack of
meaningful therapeutic response to antibody-depleting ap-
proaches such as plasmapheresis [29, 41] supports the view
that antibody-mediated mechanisms in RE are not relevant to
the pathogenic process. Empirical approaches with B
lymphocyte-depleting therapies, such as rituximab, have been
used in RE [42, 43], but, to date, no well-controlled clinical
trial data that document efficacy are available.

Innate Immunity and Neuroglial Responses in RE

Although adaptive immune responses, such as those mediated
by T lymphocytes, are an important effector of CNS injury,
innate immune responses mediated by microglia and astroglia
activation are also central to the pathogenic process in RE.
Microglial activation is one of the main neuropathological
features that have been observed in RE since its original
description [6]. The magnitude of activation of microglia
follows the pattern of progression of RE, parallels the magni-
tude of T lymphocyte infiltration, and it is observed in early
stages of cortical involvement [12]. The role of microglia in
carly stages of pathogenesis remains uncertain, but likely
represents the first line of innate immune response to the
unknown factors that trigger neuronal dysfunction in RE.
Microglia represent an important source of proinflammatory
immune mediators and elements of the inflammasome, such as
proinflammatory cytokines [44]. Microglia release IL-1f3, a
cytokine shown to be increased in regions of the cerebral
cortex in RE brains [26], and which is critical for epileptogenic
mechanisms [45, 46]. Interestingly, microglia are also critical
participants in the mechanisms of synaptic plasticity and den-
dritic modeling, thus the assumption that microglia only have
a unique proinflammatory role in RE may be incorrect, con-
sidering their role in synaptic pruning and plasticity [47, 48].

In addition to the microglial responses, astroglial activation
is quite prominent in all stages of RE cortical involvement,
and parallels both microglial activation and T lymphocyte
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infiltration [12]. Astrocytes have important roles in neuro-
nal-neuroglial interactions during epileptogenesis [49], and
are central to mechanisms of glutamate detoxification, as they
participate in processes of glutamate processing and transport
[50]. Immunopathological studies suggest that astrocytes as
neurons may be the target of T cell-mediated cytotoxicity, and
their numbers may be reduced during the disease process in
RE [51]. Disruption of neuronal-neuroglial interactions, and
particularly of the astrocyte function, may carry important
consequences for excitotoxicity mechanisms and neuronal
injury [52].

Infection and Viral Hypothesis in RE

Since the original description of RE, the presence of chronic
encephalitis changes has prompted the search for pathogen-
infected cells in areas of cortical damage of the brain. Because
of the pathological features and chronicity of the
neuroinflammatory processes, viruses, in particular, are the
first suspects among pathogens that may cause RE. A local-
ized and slowly progressive viral infection may explain the
unihemispheric encephalitic changes in RE. However, exten-
sive studies to investigate the presence of viruses associated
with well-known encephalitis (e.g., herpes simplex virus,
cytomegalovirus, Epstein—Barr virus, enterovirus) have failed
to demonstrate causal involvement in RE [53-58]. It is very
likely that new nucleic acid deep sequencing technologies,
microbiome, and metagenomic studies of the brain will revisit
issues related to viral infections in RE.

Genetics Factors and “Double Pathology” in RE

Studies about the role of genetic factors in RE are lacking, and
there is no evidence of familial inheritance. One study discov-
ered a mutation in the SCNIA gene in a patient with some
clinical features resembling, but without pathological confir-
mation of, RE [59]. Interestingly, the association of gene
mutations in STXBP1 (MUNC-18-1) with some epileptic syn-
dromes and childhood encephalopathies, and the presence of
autoantibodies against Munc-18 in a subset of patients with
RE [38, 60-62] may raise the possibility that mutations in
STXBPI1 may be present in patients with RE. Although the
rarity of RE makes it difficult to perform genetic studies, a
potential approach should focus on the assessment of genetic
susceptibility to immunological responses as a potential pre-
disposing factor in patients with RE. This issue is particularly
important as previous reports showed a subset of patients with
RE with associated secondary pathologies, such as tuberous
sclerosis (TSC) [63] and underlying focal cortical dysplasias
[64, 65], findings that suggest that genetic developmental
disorders or postmigratory cortical abnormalities may precede
the development of neuroinflammation and/or trigger cas-
cades of responses responsible for epileptogenesis. Larger
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clinical and neuropathological studies are needed to determine
the validity of these potential associations.

The Issue of Unihemispheric Involvement and Future
Directions

The enigma of unilateral hemispheric involvement in RE is
central in understanding the pathogenesis of RE. The possi-
bility that local factors within the affected hemisphere trigger
specific immune responses is supported by evidence that once
the “inciting” areas are removed after early hemispherectomy
treatment, patients stop the process of deterioration and cog-
nitive decline [31, 66]. Several hypotheses may emerge from
these observations. First, that cerebral cortex abnormalities
determined by somatic mutations leading to unilateral
neurodevelopmental abnormalities or disorders of cortical
lamination, dysgenesis, or dysplasia trigger seizures and sub-
sequent immunological responses in people genetically
predisposed to develop such an “aggressive” immune activa-
tion. Second, unihemispheric viral infections that trigger the
development of chronic encephalitis changes that will even-
tually perpetuate the recurrence of seizure activity and further
progression of degenerative changes within the affected hemi-
sphere may be involved. Hypothesis of primary autoimmune
responses against the CNS or systemic immunological disease
are not supported by the characteristic unihemispheric in-
volvement and the fact that patients do well after surgical or
hemispherectomy treatments.

Infantile Spasms

IS are epileptic seizures that usually herald the presence of
infantile epileptic encephalopathies with poor epilepsy and
developmental outcomes [1, 67]. The triad of IS,
neurodevelopmental delay, and a chaotic, multifocally epilep-
tic, and disorganized interictal EEG (hypsarrhythmia) com-
prise the West syndrome [67, 68], named after William James
West, the first person to report, in his own son, IS [69]. IS have
a characteristic age specificity, usually appearing in the first
year of life, although late-onset cases have also been reported.
In most cases (60-90 %), a known underlying etiology is
identified, whether genetic or other structural/metabolic; only
in a minority of infants with IS does the etiology remain
unknown [1].

Etiology and Pathogenic Mechanisms of IS

The causes and pathologies underlying IS are numerous. IS
are distinct from other seizures in that the recommended initial
therapies include adrenocorticotropic hormone (ACTH) and
high-dose steroids, or the GABA aminotransferase inhibitor
vigabatrin, whereas antiseizure drugs like phenytoin or

carbamazepine show no effect [70-72]. Occasional reports
of response to certain antiepileptic treatments (e.g., ketogenic
diet, valproic acid, topiramate) exist, but these need further
evaluation in prospective, controlled studies. Genetic, devel-
opmental, and immunological mechanisms have been postu-
lated as potential pathogenic factors, and animal models are
available for testing such mechanisms.

Genetic Etiologies Associated with IS

Numerous genes have been associated with early infantile
epileptic encephalopathies with IS, although the overall fre-
quency of occurrence of each of these individual genetic
abnormalities in infants with IS is quite low [2, 3]. The true
overall incidence of genetic defects in patients with IS is not
well known, as genetic studies are done in a subset of infants
without any identified etiology, depending on the availability
of genetic tests. It has been reported that among infants with IS
of unknown etiology approximately 7-8 % have copy number
variant abnormalities [73, 74]. In addition, genetic mutations
or defects appear de novo, or are transmitted in an autosomal
recessive or dominant or X-linked pattern. It should be noted,
however, that genetic defects can be identified in patients with
metabolic or certain types of structural etiologies (e.g., brain
malformations or tumors).

The affected genes are involved in neurotransmission, ve-
sicular release or organelle trafficking, cytoskeletal or plasma
membrane interactions, tumor suppression, intracellular me-
tabolism, DNA repair, and brain development. Clearly, func-
tional disruption of these genes may potentially increase brain
excitability directly or indirectly owing to the ensuing brain
malformations and/or tumors that may predispose to IS.
Among the genes associated with IS, only the aristaless X-
linked homeobox gene (ARX) genes have been studied, and are
reported to manifest epileptic spasms in mouse models of IS.
ARX is a transcription factor that is involved in ventral telen-
cephalon morphogenesis, migration of GABAergic neuronal
progenitors, and early commitment of cholinergic neurons
[75]. Seven transgenic mouse models with ARX loss-of-
function or knockin mutations have been produced [76-79].
However, only two of these mouse strains exhibit epileptic
spasms, suggesting a heterogeneity in the phenotype, similar
to humans, which could be due to either the severity of genetic
dysfunction stemming for the gene defect or other modifiers.
The conditional deletion of ARX in ganglionic eminence-
derived neurons produces an epilepsy phenotype, with stage
5 seizures in the infantile period (postnatal day 14-17), and
epileptic spasms only appearing in adulthood [79]. In contrast,
the knockin ARX mouse model (ARXCCD'*7) with expan-
sion of the first polyalanine repeat of ARX manifests spasms
between postnatal days 7 and 20, later occurrence of other
seizures, and neurodevelopmental deficits [78]. An important
common element of the underlying pathology in ARX mice is

@ Springer



302

Pardo et al.

the loss of GABAergic interneurons from the cortex and, in
some cases, hippocampus and striatal regions, which
prompted use of the term “interneuronopathy”.
Interneuronopathy has been found in all ARX mice, with only
one exception [76]. Loss of GABAergic interneurons for
acquired causes has also been reported in the multiple-hit rat
model of IS [80], and is currently one of the investigated
“common pathways” for other models of IS. Interestingly, in
heterozygous mice for STXBP1 (syntaxin binding protein 1;
MUNCI18-1), which has also been associated with IS in
humans, high-frequency stimulation causes a preferential de-
pression of synaptic transmission in GABAergic neurons,
rather than glutamatergic neurons, which was attributed to
reduction in the readily releasable pool of synaptic vesicles
[81]. However, there has been no report of epilepsy in these
STXBP1™" mice.

IS have also been reported in up to a third of patients with
Down syndrome, and can be responsive—initially, at least—
to medical treatments [82—85]. Recently, an acute animal
model of IS was developed in a transgenic mouse strain of
Down syndrome through induction with gamma-
butyrolactone, which eventually activates GABAg receptors
[86]. This study focused on the potential involvement of
GABAg receptors in the expression of IS in Down syndrome.
However, there is no evidence that GABAg receptor activa-
tion in Down syndrome is sufficient to reproduce the chronic
phenotype of the syndrome.

The Mammalian Target of Rapamycin Pathway in Genetic
and Nongenetic Etiologies of IS

Among the genetic etiologies, TSC is probably one of the
leading causes of IS. Among patients with TSC, 38 % man-
ifest IS, whereas 5—10 % of infants with IS are diagnosed with
TSC [73, 87-92]. Furthermore, a number of genetic disorders
that lead to pathologic overactivation of the mammalian target
of rapamycin (mTOR) pathway also manifest IS. Mutations in
various genes along the phosphatidylinositol 3-kinase—AKT-
mTOR pathway have been identified in hemimegalencephaly,
patients with which often present with IS. These include
mutations in the phosphatase and tensin homolog (PTEN)
and AKT genes, or de novo somatic mutations of phos-
phatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit
alpha, AKT3, or mTOR genes detected in the affected brain
tissue, but not in peripheral blood [70, 93-96].
Polyhydramnios, microcephaly and symptomatic epilepsy
syndrome can manifest with IS, and has been linked to muta-
tions in STE20-related kinase adaptor alpha (STRAD-alpha)
[97-99]. Loss of function of STRAD-alpha has been shown to
lead to overactivation of the mTOR pathway, whereas
rapamycin improved epilepsy in these patients [98].
Dysregulation of the mTOR pathway can also manifest in
nongenetic causes of IS. In focal cortical dysplasias with
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balloon cells (type 1IB; FCDIIB), loss of heterozygocity and
polymorphisms of 7SC! were found [100]. Balloon cells from
FCDIIB tissue show increased expression of downstream
targets of the mTOR complex [phosphorylated S6 ribosomal
protein (pS6) and elF4G, but not phosphorylated 70S6 ki-
nase], prompting the hypothesis that the overexpression of
pS6 is due to other pathways than the classical mTORC1/
phosphorylated 70S6 kinase [101, 102]. Among the acquired
causes of mTOR overactivation, the potential role of viral-
mediated activation of mTOR was recently proposed by Chen
et al. [49]. They detected the E6 oncoprotein of the human
papillomavirus 16 (HPV16) in balloon cells from FCDIIB that
also overexpressed pS6. They also demonstrated that overex-
pression of E6 oncoprotein in the fetal brain produced cortical
malformations [49]. These results, and prior evidence that E6
can activate the mTORC1 complex [103, 104], offer the
possibility that FCDIIB could actually be caused by perinatal
viral infections that could activate the mTOR pathway in
selected vulnerable cells. The route of HPV invasion in the
brain and the cellular factors that may render certain cells
more vulnerable to HPV are yet unknown. However, further
replication of these findings is warranted.

There has been no report that loss of function of 7SC! or
TSC2 may lead to early life spasms in animal models of TSC.
However, the presence of early-life epileptic spasms during
the first 2 weeks has not been systematically looked at in these
models. In the multiple-hit rat model of IS, which is induced in
wild type rats by right intracerebral injection of lipopolysac-
charide and doxorubicin on PN3, overexpression of the pS6
was only observed during the period of spasms [105]. Most
interestingly, normalization of pS6 expression using high
doses of rapamycin, an mTOR inhibitor, suppressed spasms
in the multiple-hit model and also partially improved the
learning performance later on, suggesting a potential
disease-modifying effect. These observations suggest that
mTOR signaling may be one of the pathways contributing to
the expression of IS and subsequent cognitive decline, not
only in genetic disorders of mTOR, but also in certain nonge-
netic causes of IS. Certainly, the ability of mTOR to respond
to a variety of insults associated with IS (e.g., hypoxia, energy
disorders, endocrine, growth factor and inflammatory signal-
ing pathways, seizures) places it centrally, where these path-
ways could converge. However, not all infants with TSC
develop IS, further attesting to the importance of individual-
ized factors that could modify outcomes.

Neuroinflammatory Mechanisms

The beneficial response of IS to steroids and ACTH have
supported hypotheses that link neuroinflammatory mecha-
nisms with IS. Cytokines and other inflammatory markers
have been investigated sporadically in patients with IS.
Increased populations of CD3" and CD4" T lymphocytes,
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CD4"/8" T cell ratio, and higher serum concentrations of IL-
1$3, IL-12, and macrophage inflammatory protein 13 were
observed in the pre-ACTH treatment patient group compared
with the post-ACTH treatment group [106]. Similarly, the IL
receptor antagonist (IL-1ra) seems to be decreased during the
active stage of IS [107] and increased after the resolution of
symptoms of IS [108]. IL-2, interferon-c, and tumor necrosis
factor-o were also reported to be increased in the serum of
patients with IS [109]. These findings were equally relevant
for both patients with IS of structural/metabolic or unknown
etiology [108, 109]. However, cerebrospinal fluid (CSF) con-
centrations of the classical proinflammatory IL-6 were signif-
icantly lower in patients with IS than in patients with gener-
alized tonic—clonic seizures due to infection or trauma [110].
Interestingly, among the animal models, inflammatory pro-
cesses are one of the triggers of IS in the multiple-hit model
[105, 111]. Moreover, recent studies have demonstrated that
inflammatory insults alone may induce epileptic spasms in
very young rats [112]. These clinical and preclinical findings
indicate that inflammatory cascades may be a target for ther-
apy discovery in IS. The anti-inflammatory effects of current
(ACTH, steroids) and experimental (rapamycin) treatments
certainly offer promise in this target pathway.

Viral or bacterial etiologies have been implicated in the
induction of IS [113—115] and hypothesized to explain occa-
sional cases with spontaneous remission [116]. However, the
effects of inflammatory insults seem to be complex.
Occasional beneficial effects of viral infections have been
described [117], whereas re-activation of viral infections dur-
ing the treatment of IS may also account for some seropositive
cases, confounding attempts to provide causative links be-
tween viral illness and IS [118]. Autoimmune-mediated epi-
lepsies with IS have also been reported [119, 120], including
IS due to autoimmune cerebral folate deficiency [121].

Developmental Desynchronization and Hypsarrhythmia

Frost and Hrachovy [122] hypothesized that genetic or other
insults could selectively disrupt the normal maturation of the
specific targeted pathways or brain regions, and that this
temporal desynchronization between the maturation of the
affected and nonaffected developmental processes could
cause the chaotic, epileptic background characteristic of
hypsarrhythmia. To arrest focally the maturation of cortical
and/or hippocampal regions, Lee et al. [123] developed the
tetrodotoxin model, in which chronic infusion of tetrodotoxin
(a sodium channel blocker that inhibits action potentials) in
the cortical or hippocampal regions eventually triggers epilep-
tic spasms, other seizures, and a hypsarrhythmia-like back-
ground. The behavioral features of the model were not age-
specific, as they were observed in postpubertal and adult rats.
Hypsarrhythmia has not been documented in animal models
developed in younger rats, mainly owing to the technical

difficulties in placing multiple electrodes in the very small
and fragile skull of newborn or infantile rodents.

Glutamate NMDA Receptors and IS

An early report on behaviors associated with NMDA-induced
seizures focused attention on “emprosthotonus”, or forward
body tonic flexion [124]. NMDA spasms are responsive to
both high-dose ACTH,_,4 and vigabatrin [125—128]. Genetic
associations have reported NMDA receptor 1 (GRIN1) de
novo mutations in some patients with IS [3].

Stress and IS

The stress hypothesis of IS proposes that excessive activation
of corticotropin-releasing hormone in response to early post-
natal stressors could lead to IS [129]. When tested experimen-
tally, intracerebroventricular corticotropin-releasing hormone
was able to induce phenytoin-responsive seizures, but not
spasms, in neonatal rats [130, 131]. More recently, perinatal
manipulations aiming to activate stress pathways were used in
the NMDA model to study their sensitivity to ACTH and
susceptibility to NMDA-induced spasms. Prenatal
betamethasone or restrain stress were shown to render
NMDA spasms responsive to ACTH, when given at doses
that had previously failed to control these seizures [128, 132].
Postnatal adrenalectomy, however, accelerated and exacerbat-
ed NMDA spasms, while, most interestingly, retaining their
sensitivity to ACTH [127]. While these studies support the
idea that stress may modify the phenotype and treatment
response of IS, it is no yet known whether stress is sufficient
to trigger spasms.

Structural Lesions in the Pathogenesis
and Pharmacorefractoriness of IS

As stated earlier, structural/metabolic etiologies underlie the
majority of cases of IS. These vary widely in their nature,
location, or severity. However, their presence leads to poorer
outcomes and increases the probability of treatment failure to
the available drugs. Etiologies may include early life hypoxia—
ischemia, malformations of brain development, structural le-
sions from TSC (e.g., tubers), CNS infections, perinatal
strokes, metabolic disorders, or autoimmune conditions. IS
are currently thought of as network disruption, involving
cortical and subcortical structures [133]. Pathologic activation
of the involved network at any trigger point could, theoreti-
cally, trigger spasms. So far, the only reported experimental
animal model demonstrating structural lesions is the multiple-
hit rat model [111]. Similar to the clinical syndrome, the
induction of cortical and subcortical lesions by doxorubicin
and lipopolysaccharide in the multiple-hit model generates a
chronic phenotype, including an early period of cluster of
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spasms, subsequent emergence of other seizures, and
neurodevelopmental and cognitive deficits. Furthermore, the
multiple-hit is currently the only tested model that exhibits
relative pharmacoresistance to the available treatments by not
responding to ACTH and only transiently responding to
vigabatrin or a vigabatrin analogue (CPP-115) [111, 134].
Ongoing studies are aimed at unraveling new therapy targets
for treatment that could help control drug-resistant spasms and
exhibit disease-modifying effects [105, 135, 136]. Among
these, a promising target is the mTOR pathway.

FIRES

FIRES is characterized by refractory status epilepticus in
previously healthy, school-aged children that presents itself
with or just after a nonspecific febrile illness [137]. In order to
differentiate this syndrome from viral encephalitis, it was
previously described as devastating epilepsy in school age
children [138] and later as febrile infection responsive epilep-
tic encephalopathy of school age [137]. Most recently, the
Commission of Classification and Terminology of the
International League Against Epilepsy recognized the term
FIRES at the last proposed revision [139]. Children with
FIRES develop frequent focal seizures during the acute phase
in the setting of, or immediately after, a nonspecific febrile
illness. Seizures worsen and evolve rapidly to status epilepti-
cus, which is highly pharmacoresistant and persists for several
weeks or months [137, 138, 140, 141]. After the acute phase
of status epilepticus, patients with FIRES enter a chronic stage
of pharmacoresistant epilepsy and major cognitive decline
that comes to the fore of the syndrome [137, 138, 140, 141].

In almost half of patients, fever disappears before the onset
of the first seizures. The semiological features of the seizures
suggest a focal onset. Autonomic features suggest a mesial
temporal lobe involvement, and clonic movements of the
mouth that extend to the limbs indicate spreading to opercular
structures [138]. Seizures may rise from both hemispheres
[137, 138]. EEG studies show focal discharges mainly in the
temporal and frontal area, with diffuse slowing. Bilateral
diffusion has been recorded frequently. Status epilepticus is
highly pharmacoresistant during FIRES, and may persist de-
spite conventional treatment with AEDs. The use of general
anesthesia with pentobarbital appears to be inefficient, and in
one report negative cognitive outcome correlated with the
duration of therapy [142]. In addition, although seizures are
controlled with suppression-burst coma approaches, they al-
ways reappear when barbiturates are weaned [142, 143]. A
ketogenic diet appeared to stop status epilepticus in almost
half of cases, even when administered late during the acute
phase with status epilepticus [141, 143, 144]. In most refrac-
tory cases, death may occur after several weeks or months of
ongoing seizures.
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Early brain MRI obtained within the first weeks of FIRES
reveals normal results in almost 55 % of patients [141]. In the
other 45 %, a slight edema of the mesial temporal structures
revealed by T2W signal hyperintensities has been reported
[140, 141]. Brain MRI obtained at chronic stages, generally
6 months after the onset of FIRES, has revealed bilateral
mesial temporal atrophy and T2W hyperintensities in both
hippocampal structures in 50 % of patients (Fig. 2) [140,
141]. However, all patients with or without bilateral hippo-
campal lesions on MRI showed large areas of
hypometabolism involving orbito-frontal and temporo-
parietal regions bilaterally on fluorodeoxyglucose positron
emission tomography scans performed in the chronic phase
[145].

Hypothesized Pathogenic Mechanisms for FIRES

In the largest review of patients with FIRES (n=77) [141],
brain biopsies were performed in 13 patients; 7 biopsies
revealed gliosis and 1 biopsy showed leptomeningeal inflam-
matory infiltrates, findings that may support the involvement
of neuroinflammatory mechanisms. Although, to date, the
etiology of FIRES has not been elucidated, several hypotheses
that may focus the research on this devastating epileptic
syndrome have been suggested.

Infectious Mechanisms and Encephalitis

Investigations to identify known infectious agents in CSF
from patients with FIRES (bacterial, viral, and, in some in-
stances, parasitic) through an extensive direct examination,
polymerase chain reaction, and serological studies have been
negative [141]. In patients with FIRES reported on in the first
2 series [137, 138], CSF did not show remarkable pleocytosis
and, most importantly, extensive polymerase chain reaction
studies for the identification of viruses were negative. In the
largest review of patients with FIRES (n=77), Kramer et al.
[141] reported variable amounts of white cells in CSF (2—100

Fig. 2 Magnetic resonance imaging abnormalities in febrile infection-
related epilepsy syndrome (FIRES). Coronal FLAIR image shows bilat-
eral hyperintensities in both hippocampal structures 3 weeks after onset of
status epilepticus in a 3.5-year-old boy (image courtesy of Dr. M. Kara,
Tripoli University Hospital, Tripoli, Lybia).
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cells/mm?); however, in almost 75 % of the patients there was
no evidence of pleocytosis in the initial CSF sample. These
observations suggest that the potential presence of known
viral encephalitis in FIRES is not supported by laboratory
evidence, and the designation of this disorder as a form of
viral encephalitis may be misleading. However, future pro-
spective studies should take advantage of new deep nucleic
acid sequencing, metagenomic, and microbiome techniques to
determine, with more precision, the potential role of viral
pathogens.

Metabolic Diseases and Mitochondrial Defects

The acute onset of status epilepticus in the setting of a febrile
episode could also evoke diseases that involve mechanisms of
energy defects, such as mitochondrial respiratory chain dys-
function, or in disorders arising from disruption of mitochon-
drial metabolic pathways, such as in fatty acid oxidation, or
urea or citric acid cycle disorders [146]. Defects affecting the
mitochondrial pathways may give rise to diseases that may be
present at any age and involve tissues with high metabolic
activity, including the CNS. As seizures are frequent in mito-
chondrial disorders that affect the CNS and lead to a signifi-
cant risk of status epilepticus, some studies have focused on
the potential role of mitochondrial disorders in FIRES through
extensive metabolic assessment of sera and CSF. Evaluations
have included studies of CSF lactic acid, biogenic amines, and
amino acids, as well as blood assessment for ammonia, lactic
acid, amino acids, carnitine and acyl-carnitine to investigate
disorders of mitochondrial dysfunction. Many patients were
also tested for very long chain fatty acids, vitamin B12, biotin,
heavy metals, copper, ceruloplasmin, homocysteine, uric acid,
transferrin, urine orotic acid, organic acids, and purine/
pyrimidine ratio. This extensive metabolic work-up and im-
aging studies using brain MRI did not show evidence of
mitochondrial respiratory chain defects [140, 141]. In addi-
tion, mitochondrial enzyme studies in muscles and fibroblasts
performed in a few patients with FIRES did not show any
abnormalities [ 138, 143]. Other studies that focused on POLG
mutations also failed to find any causal mutation in a series of
15 patients [147]. All of these negative studies point out that
the potential role of mitochondrial and/or metabolic disorders
in FIRES remains uncertain.

Monogenic Epilepsy Genes and Rare Copy Number Variations
in FIRES

De novo gene mutations are emerging as an important cause of
childhood onset epileptic encephalopathies [148, 149]. In
addition to single candidate genes, rare copy number varia-
tions (CNVs) have been established as risk factors for various
epilepsies, including epileptic encephalopathies [150].
Patients with FIRES share common features with two

emblematic monogenic early onset epilepsies: Dravet syn-
drome (DS) and patients with PCDH19 mutations. These
two syndromes manifest with seizures and/or status epilepti-
cus during a febrile illness in the absence of biomarkers for
encephalitis or CNS infection in a previously healthy patient.
Patients with these syndromes also show cognitive, slowing
evolving to intellectual, disability, findings that may suggest a
potential overlapping pathogenic mechanism with FIRES.
However, clinically, these syndromes show several differ-
ences from FIRES, as outlined. DS occurs much earlier than
FIRES, before 1 year of age. SCN1A4 mutations are reported in
almost 80 % of patients. The long-lasting first seizure occurs
during a febrile illness or after vaccine administration in DS.
Although seizures might be focal, in many instances EEG is
normal during the first 2 years, with generalized spikes and
waves appearing on the recordings later. Intellectual disability
usually appears 1-3 years after the onset and fever sensitivity
persists for life [151]. Patients with PCDH 9 mutation-related
epilepsy phenotype are almost exclusively girls, which is in
contrast to the male predominance in FIRES [141]. Patients
present mainly with a cluster of seizures, rather than with
status epilepticus during the febrile illness, as occurs in
FIRES [148, 152]. Heterozygous PCDH19 mutations were
initially identified in epilepsy and mental retardation limited to
girls, a familial disorder with a singular mode of inheritance as
only heterozygous girls are affected, whereas hemizygous
boys are asymptomatic. Yet, mosaic boys can also be affected,
supporting cellular interference as the pathogenic mechanism
[137]. In some instances, patients with PCDH19 resemble
patients with DS, and seizures occur earlier in the severe form
of PCDH19 than in FIRES [153]. Although there appear to be
some similarities between patients with FIRES and those with
DS and PCDH 19 gene mutations, molecular genetic studies in
patients with FIRES showed no SCNI/4 or PCDH19 muta-
tions [147, 154], a finding that suggests a lack of a molecular
mechanism association of FIRES with those two syndromes.

In addition, other molecular genetic studies that included
CNV screening performed in a series of 10 patients with
FIRES showed no potentially pathogenic deletions in 9 of
10 patients. Only in 1 patient was a single novel duplication
(chromosome 9: 6038553-6930898) overlapping 50 % with a
known CNV (variation_0649) detected. However, this dupli-
cation was inherited from the unaffected mother and was not
considered to be causal in the disease [147].

Autoimmunity and Autoantibodies

The presence of pre-existent immune systemic disease or the
appearance of de novo autoimmune antibodies as a pathogenic
mechanism for status epilepticus in patients with FIRES has
been explored in previous studies [140, 141]. Patients
underwent extensive immunological evaluations for bio-
markers of systemic rheumatological and autoimmune
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disorders that included systemic lupus erythematosus,
Wegener’s granulomatosis, vasculitis, Hashimoto’s thyroiditis
and encephalitis, and celiac disease, among others [140, 141],
with negative results.

Electrophoresis of CSF proteins yielded no significant
findings in the vast majority of patients, and no evidence of
CSF oligoclonal bands has been observed in FIRES [138,
155]. Furthermore, studies of autoantibodies against neuronal
epitopes, such as glutamate receptors of type NMDA and type
AMPA, GABAg-receptors, voltage-gated potassium channel-
associated proteins (VGKC), LGI1 and contactin-associated
protein like 2, and glutamic acid decarboxylase (GAD), asso-
ciated with well-known immune-mediated neurological disor-
ders and epilepsy, were also evaluated in patients with FIRES,
yielding negative results [155]. Only a few patients in a large
retrospective study disclosed positive anti- (VGKC) and anti-
(GAD) and anti-GluR3 antibodies [141]. However, those
observations were not replicated in a subsequent study [137]
and their potential pathogenic role in FIRES is doubtful. In
addition, patients with FIRES showed no beneficial response
to steroids or immunotherapy treatments in the limited
retrospective series [137, 140, 141], as is observed in
patients with known autoimmune neurological disorders
produced by antibodies against neuronal epitopes [39, 120].
These observations strongly suggest that not only are primary
pathogenic mechanisms in FIRES not mediated by
autoimmunity or by antibodies against neuronal epitopes,
but that there is not a well supported rationale for the use of
immunotherapy treatments.

In summary, the etiology of FIRES remains unknown and
the underlying pathogenic mechanisms are not yet under-
stood. Given the difficulties in treating patients with FIRES
by conventional methods, insight into the underlying patho-
physiology is clearly required in order to shape treatment
strategies and improve outcome. Several approaches may be
hypothesized and remain open for future research: an un-
known viral agent not yet recognized; an unknown
antineuronal or antiglial antibody that remains elusive to
current techniques of antibody detection; a pattern of genetic
susceptibility that may involve multiple genes with neuronal,

immune, or even mitochondrial functions that could be iden-
tified by new exome sequencing technologies; or a
neuroinflammatory disorder generated by neuronal-neurogli-
al disturbances during seizures. A major challenge for the
future is to discover specific biomarkers of disease and path-
ogenesis detectable in CSF and/or serum. This might highlight
novel targets for drug intervention aimed at interfering with
the disease mechanisms, therefore providing putative disease-
modifying treatments [156].

Conclusion and Future Directions

The mechanisms of epileptogenesis in pediatric epileptic syn-
dromes such as RE, IS, and FIRES have been widely studied
in the last few years (summarized in Table 1). Immune-
mediated processes have been suspected to be involved in
epileptogenesis of such syndromes. However, convincing ev-
idence of such processes has only been demonstrated in RE, a
disorder in which selective T cell responses against neurons
and glia occurs, although the triggering factor that initiates
such responses remains a mystery. Although primary immune
factors and neuroinflammation have been postulated to be
associated with IS and FIRES, current evidence is minimal
and under investigation. In the case of IS, several
etiopathogenic factors appear to be involved (including struc-
tural, metabolic, genetic, neuroimmune, or inflammatory fac-
tors). However, the response of IS to ACTH and high-dose
steroids, as well as occasional clinical reports of cytokine
abnormalities or of infectious and autoimmune etiologies,
have raised the possibility that neuroinflammatory pathways
may be involved in the pathogenesis of IS, at least in certain
patients. Interestingly, the mTOR pathway appears to have a
central role in the convergence of several signaling mecha-
nisms, and may represent a promising avenue for therapeutic
interventions in IS. Of the 3 syndromes discussed in this
review, FIRES presents the major problem, as the underlying
etiopathogenic factors remain unknown, although it is possi-
ble that a mixture of metabolic, genetic, and immune mecha-
nisms converge to produce this complex and catastrophic

Table 1 Mechanisms associated with epileptogenesis in pediatric epileptic syndromes

Mechanisms/disorder Adaptive immunity Innate immunity Genetic Infection Other/metabolic
Rasmussen encephalitis ~ CD8" T cell cytotoxicity Microglial and Unknown Suspected Unknown
against neurons and glia astroglial activation
Suspected autoantibodies
Infantile spasms Disarrangements of T cell Suspected Several known Few cases Structural, metabolic
populations and increased gene mutations described
cytokines in blood and
cerebrospinal fluid
Few cases with autoantibodies
Febrile infection-related ~ Suspected, inconclusive Suspected Suspected Suspected Metabolic (suspected,

epilepsy syndrome evidence

inconclusive evidence)
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epileptic syndrome. Further studies should focus on the iden-
tification of the triggering factor(s) associated with neuroin-
flammation in RE, and to determine whether an infection or
autoimmune mechanism is present. Similarly, studies of
FIRES should focus on the identification of genetic/
metabolic abnormalities or potential infections that may be
involved in its pathogenesis. New high-throughput deep-
sequencing techniques, microbiome, and metagenomic stud-
ies would be useful in identifying host-related inflammatory
and neuronal-neuroglial pathways associated with pathogen-
esis and potential pathogens that may be involved in patho-
genesis of RE and FIRES. The challenge for future studies
includes further clarification of etiopathogenic mechanisms
and the introduction of potential therapeutic interventions to
modify the course of these syndromes.
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