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Epileptogenesis refers to a process in which an initial brain-damaging insult triggers a cascade of molec-
ular and cellular changes that eventually lead to the occurrence of spontaneous seizures. Cellular alter-
ations include neurodegeneration, neurogenesis, axonal sprouting, axonal injury, dendritic remodeling,
gliosis, invasion of inflammatory cells, angiogenesis, alterations in extracellular matrix, and acquired
channelopathies. Large-scale molecular profiling of epileptogenic tissue has provided information about
the molecular pathways that can initiate and maintain cellular alterations. Currently we are learning how
these pathways contribute to postinjury epileptogenesis and recovery process and whether they could be
used as treatment targets.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

Epilepsy is the second most common neurological disorder after
stroke [1]. It is estimated that approximately 0.8% of the popula-
tion is affected by some form of epilepsy. In about 30% of epilep-
sies, there is an identifiable injury to the brain that triggered the
development of epilepsy (symptomatic epilepsies) [2]. Another
30% of patients have ‘‘presumed symptomatic epilepsy’’ (previ-
ously called cryptogenic epilepsy), in which some brain pathology
causing epilepsy is presumed to exist, but has not been identified
using current techniques [3]. Epileptogenesis refers to the phenom-
enon in which various kinds of brain insults (e.g., traumatic brain
injury, stroke, infection, prolonged febrile seizure) trigger a cascade
of events that eventually culminate in the occurrence of spontane-
ous seizures. An operational definition of epileptogenesis refers to
the period between the insult and the occurrence of the first spon-
taneous seizure (Table 1, Fig. 1).

Our understanding of the epileptogenic process comes largely
from animal studies that have investigated status epilepticus
(SE)-induced epileptogenesis. The model produces types of altera-
tions similar to those found in resected temporal lobe tissue of pa-
tients who have undergone surgery for drug-refractory epilepsy. It
has been acknowledged that SE might not be the condition most
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representative of human epileptogenesis because it is a relatively
rare cause of epilepsy in humans, particularly in the adult popula-
tion, and is often associated with other epileptogenic insults like
stroke and traumatic brain injury (TBI). Further, typically the dam-
age produced in animals exceeds that found in humans [4]. Also,
data from human surgically operated epileptic tissue represents a
relatively small population of patients and, thus, might distort
our view of the severity of pathology in most patients with ac-
quired temporal lobe epilepsy (TLE), not even to mention patients
with seizure foci in other parts of the brain. These caveats in mind,
it is, however, important to acknowledge that these conditions
have already provided us with a database of information about
molecular and cellular changes in epilepsy that we can use to cre-
ate testable hypotheses for understanding and discontinuing the
epileptogenic process.
2. Molecular basis of cellular alterations in TLE

Bouchet and Cazauvieilh [5] observed that in patients with epi-
lepsy, the hippocampus is hardened and sclerotic. Cellular altera-
tions responsible for sclerosis are multiple and are summarized
in Fig. 1.

2.1. Neurodegeneration

Probably the best described of the changes during the epilepto-
genic process is the neurodegeneration that occurs in the hilus and
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Table 1
Rat models, in which the initial acquired brain injury leads to the development of
spontaneous seizuresa

Model Reference

Immature brain
Hypoxia–ischemia (P7)

Carotid artery ligation +
hypoxia

Williams et al. [126]

Poststroke epilepsy (P12, P25)
Intrahippocampal
endothelin-1

Mátéffyová et al. [127]

Post-SE
Kainic acid (P14) Stafström et al. [128]
Li-pilocarpine (P12) Kubová et al. [129]

Prolonged febrile seizures (P10) Dube et al. [13]

Mature brain
Post-SE

Kainic acid Nadler et al. [130] Ben-Ari and Lagowska [131]
Pilocarpine Turski et al. [132]
Li-pilocarpine Jope et al. [133]
Perforant pathway

stimulation
Mazarati et al. [134]

Intrahippocampal
stimulation

Lothman et al. [135]

Amygdala stimulation Nissinen et al. [136]
Post-traumatic epilepsy

Lateral fluid percussion D’Ambrosio et al. [137] Kharatishvili et al.
[138]

Post-stroke epilepsy
Cortical photothrombosis Kelly et al. [139] Karhunen et al. [140]
Cortical endothelin Karhunen et al. [141]

a Most of the currently available molecular and cellular data on the epileptogenic
process originate from models in which epileptogenesis is initiated by status epi-
lepticus in adult animals.
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CA1 pyramidal cell layer and interneurons, with milder damage in
the CA3 and CA2 pyramidal cell layer and granule cells. In addition
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Fig. 1. Cellular alterations occurring during the epileptogenic process. Various types of b
can trigger the epileptogenic process. Cellular alterations and their temporal distribution
neurodegeneration, neurogenesis, gliosis, invasion of inflammatory cells, axonal sproutin
and alteration in voltage- and ligand-gated ion channels in individual neurons. These
consequence, several functional impairments in addition to epilepsy can develop, includ
impairment, somatomotor decline, and drug refractoriness. During the entire epileptog
developmentally regulated genetic programs, or epigenetic factors.
to the hippocampus, neurodegeneration has also been described in
the amygdala and the surrounding entorhinal, perirhinal, and para-
hippocampal cortices, as well as in many extratemporal areas,
including the thalamus and cerebellum [6]. It should be noted that
these observations have been made largely in surgically operated
temporal lobe tissue, as well as in autopsy tissue from patients
with chronic epilepsy of variable etiologies. MRI data, however,
suggest that severe hippocampal and cortical atrophy might be
present in only a subpopulation of patients at the time of the first
seizures [7]. Further, we have very little information on whether
patients with different locations of the primary focus or different
epileptogenic etiologies present with similar hippocampal and/or
extrahippocampal pathology. Currently, the data on whether
recurrent seizures contribute to neurodegeneration are controver-
sial. As reviewed by Pitkänen and Sutula [7], there are several
experimental and human imaging studies that support the idea
that some types of seizures can cause neurodegeneration. Recently,
both experimental studies in spontaneous seizure models [8,9] and
long-term imaging studies in humans [10,11] have challenged this
view.

Neuroprotection has long been believed to be a key in preven-
tion of epileptogenesis. However, as it has been shown, even sub-
stantial protection of hippocampal neurons after SE does not
prevent epileptogenesis [12]. Further, neurodegeneration is not
needed for epileptogenesis, at least in immature brain [13]. How-
ever, alleviation of neurodegeneration reduced behavioral conse-
quences after SE [14], and therefore, neuroprotective treatments
have a role in enhancement of recovery.

When comparing the molecular profiling data with those ob-
tained using microscopic analysis of neurodegeneration, one can
conclude that the information obtained depends on tissue sam-
pling. Sometimes, however, neuronal loss can be predicted after
observing downregulation of certain neuronal markers [15].
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rain insults such as status epilepticus (SE), traumatic brain injury (TBI), and stroke
are best characterized in the hippocampus, particularly in SE models. These include
g, axonal injury, dendritic plasticity, angiogenesis, changes in extracellular matrix,
alterations are accompanied by a variety of molecular changes (see Fig. 4). As a
ing developmental delay, memory impairment, emotional impairment, behavioral
enic process, these alterations are subject to modulation by genetic background,
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Importantly, molecular profiling data extend the histological anal-
ysis by providing information about the molecular pathways in-
volved in cell death [16,17].

2.2. Neurogenesis

Occurrence of neurogenesis in human brain was demonstrated
by Eriksson and co-workers 10 years ago [18]. Neural precursor
cells can be isolated from surgical specimens obtained from pa-
tients with intractable TLE and propagated or differentiated into
neuronal and glial lineages [19]. Some recent data also suggest that
seizures induce neurogenesis in young patients [20]. It is still, how-
ever, unclear whether epileptogenic insults or epileptic seizures
have an effect on hippocampal neurogenesis in humans [21].

In animals, it has been shown that even brief induced or spon-
taneous seizures, in addition to SE, can trigger neurogenesis (for re-
view, see [22]). After SE, increased neurogenesis can be detected
within a few days and remains elevated for several weeks [23].
In normal animals, newly born neurons receive functional afferent
inputs [24] and send functional outputs to postsynaptic neurons
[25]. All this occurs within a few months of their birth. In epileptic
rodent brain, seizure activity can disturb the migration of newly
born neurons, resulting in their ectopic location in the hilus, aber-
rant connectivity, and, consequently, enhanced excitability [26].
Another line of evidence suggests that newly born cells in an ‘‘epi-
leptogenic environment’’ could actually adapt to the situation and
become less sensitive to glutamate and more sensitive to GABA
than in the normal hippocampus [27].

It is important to realize that other clinically relevant epilepto-
genic brain insults such as stroke and TBI can also induce neuro-
genesis [28,29]. Further, altered neurogenesis has been linked to,
for example, learning and memory impairment, as well as depres-
sion, which are not uncommon comorbid conditions in patients
with epilepsy [30].

Very few studies have investigated the effects of antiepileptic
drugs (AEDs) on neurogenesis. Hao et al. [31] showed that chronic
treatment with valproate enhances neurogenesis in the dentate
gyrus of the normal hippocampus by activating the ERK pathway.
Laeng et al. [32] demonstrated that valproate, but not carbamaze-
pine, promotes neurogenesis from embryonic rat cortical stem
cells in vitro. A recent study by Jessberger et al. [33] demonstrated
that valproic acid blocks seizure-induced neurogenesis in the kai-
nate-induced SE model. Moreover, treatment alleviates hippocam-
pus-dependent learning impairment. Using the in vivo method for
measuring hippocampal neurogenesis [incorporation of the stable
isotope 2H into genomic DNA during labeling with 2H2O (heavy
water)], Shankaran et al. [34] reported enhanced neurogenesis in
the hippocampus after exposure to valproate, topiramate, and
oxcarbazepine. Carbamazepine, clonazepam, ethosuximide, gaba-
pentin, levetiracetam, phenytoin, primidone, tiagabine, and zonisa-
mide had no effect. Recently, Tung et al. [35] reported that many
anesthetics, including isoflurane, propofol, dexmedetomidine, and
ketamine, have very little, if any, effect on neural cell proliferation
in the adult rat dentate gyrus. This is of interest in that anesthesia
is a third-line treatment for SE in humans. Similarly, diazepam, the
first-line drug in treatment for SE, was not found to suppress alco-
hol abstinence-induced hippocampal neurogenesis, even though it
effectively suppressed withdrawal symptomatology [36].

In only a few studies have there been therapeutic attempts to
regulate neurogenesis and observe whether it affects epileptogene-
sis. Use of endoneuraminidase (endoN) did not affect epileptogene-
sis even though it suppressed neurogenesis [37]. The significance
of neurogenesis in epileptogenesis has also been challenged in
the intrahippocampal kainate model in mouse [38] and in aged rats
exposed to kainate [39]. It remains to be explored whether out-
comes other than change in seizure threshold could be even more
affected by modulation of neurogenesis, and what will be the net
outcome of the manipulation of neurogenesis during the epilepto-
genic process.

Analysis of molecular profiling data of brain tissue following in-
sult frequently reveals changes in expression of genes involved in
neurogenesis, neuronal cell differentiation, or maturation [17].
This has been observed in both SE [40,41] and TBI [42] models.
Interestingly, for some neurogenesis-related genes, changes in
expression can be detected as late as 14 days following the insult
[40].

2.3. Gliosis

The four major glial cell types include astrocytes, microglia, oli-
godendrocytes, and NG2 cells (polydendrocytes). Glial cells can
contribute to the epileptogenic process in several ways, including
structural support, water and ionic homeostasis (aquaporins), reg-
ulation of neurotransmission, inflammatory responses, and neuro-
genic potential. Most of the data available on glial cells in the
epileptogenic process come from astrocytes and microglia.

Astrocytes are presumed to regulate the levels of extracellular
potassium, as well as glutamate uptake and synaptic glutamate
concentrations, to be active participants in metabolism, and to syn-
thesize various molecules (e.g., proteases) that are needed for the
recovery process. Data also point to their role in regulation of syn-
aptic transmission and seizure activity (see [43]). Importantly they
also synthesize and release inflammatory mediators during the
early postinjury phase, as well as in animals and patients with
chronic epilepsy [44]. They can also form a ‘‘barrier’’ that isolates,
for example, the cortical lesion from ingrowing axons and blood
vessels compromising the self-repair process [45]. A recent finding
that some astrocytes acquire stem cell properties after cortical
brain injury creates a fascinating scenario that manipulation of
the postinjury astrocytic response could be used to generate new
neuronal circuits [46]. Whether this would have the potential to
favorably modify posttraumatic recovery and epileptogenesis re-
mains to be explored.

Microglia commonly undergo activation in response to the
brain insult. Microgliosis can manifest itself as cell proliferation,
migration, or secretion of various compounds into the extracellu-
lar space. All this is accompanied by characteristic morphological
changes. Microglial cells are extremely sensitive to disturbances
in brain homeostasis and respond quickly to detected pathology
such as damage to neighboring neurons [47]. Increase in the num-
ber of microglia and migration toward the place of injury can be
detected even in Nissl-stained sections as early as 12–24 h after
injury. Microgliosis peaks at about 3–5 days and can remain ele-
vated for several weeks [48,49]. Activated microglia become
secretory and release a number of compounds with harmful ef-
fects on neurons, such as pro-inflammatory cytokines (interleu-
kin-1, interleukin-6, tumor necrosis factor a) and their
receptors, proteases, and nitric oxide [50–53]. On the other hand,
activated microglia can secrete transforming growth factor b,
brain-derived neurotrophic factor (BDNF), neurotrophin-3, or
nerve growth factor, which have a neuroprotective effect and
can promote regeneration [54,55]. Another beneficial function of
microglia is clearing the dying neurons and glia from the tissue.
The net effect of the harmful and protective actions of microglia
is controversial. There are some indications that suppression of
microglia and the consequent diminishment of its toxic action
lead to neuroprotection [56–58]. Whether such neuroprotection
can be achieved in models of epilepsy or epileptogenesis and
whether this would influence the development or severity of the
disease remain to be studied.

Oligodendrocytes are responsible for myelination. Even though
white matter damage is often described in human acquired epi-
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lepsy [59] and many epileptogenic insults such as TBI are known to
damage white matter [60], the contribution of myelin pathology to
the epileptogenic process is poorly understood. Whether ongoing
seizure activity affects oligodendrocyte function and myelination
also needs to be explored. Systematic studies investigating the ef-
fects of AEDs on myelin are sparse (see [61]).

NG2 cells, or polydendrocytes, are defined as glial cells that ex-
press the NG2 proteoglycan and represent a fourth major glial cell
population in the mammalian central nervous system. They are
morphologically, antigenically, and functionally distinct from ma-
ture astrocytes, oligodendrocytes, and microglia. Progenitor cells
expressing the proteoglycan NG2 represent approximately 5% of
the total cells in the adult brain, and are found in both gray matter
and white matter regions, where they give rise to oligodendro-
cytes. These cells receive synaptic contacts from excitatory and
inhibitory neurons, suggesting that they transfer electrical and
environmental cues to the myelination process [62]. There are rel-
atively few studies on NG2 cells in epilepsy or seizures. It has, how-
ever, been shown that that electroconvulsive seizures induce
proliferation of NG2-expressing glial cells both in the rat amygdala
and in the hippocampus [63,64].

Molecular profiling data indicate gliosis as one of most pro-
nounced phenomena in the brain following epileptogenic insult.
Upregulation of expression of genes coding for markers of glial
cells (glial fibrillary acidic protein) and proteins produced by glia
(cytokines, chemokines, extracellular matrix proteins) is com-
monly reported [17].

2.4. Axonal growth

Sprouting of glutamatergic granule cell axons or mossy fibers is
the most widely studied form of axonal plasticity in epilepsy. It has
been shown in experimental models that many epileptogenic in-
sults trigger mossy fiber sprouting, including SE, TBI, and stroke
[65]. This has also been described in the hippocampus of surgical
patients with epilepsy of various etiologies [66]. Experimental
studies indicate that this sprouting occurs before spontaneous sei-
zures, and is maintained for the lifetime of the epileptic animal
[67]. Sprouting occurs also in the axons of pyramidal cells in the
CA1 subfield of the rat hippocampus [68], as well as in the human
entorhinal cortex [69]. In addition to glutamatergic neurons,
GABAergic inhibitory axons have also been shown to sprout in both
experimental animal and human TLE [70,71]. Even though one can
assume that sprouting is a common response to injury in areas
with neurodegeneration, it has not been systematically investi-
gated in other areas of the epileptogenic brain, possibly because
of difficulties in detecting sprouting.

The functional role of axonal sprouting in epileptogenesis and
ictogenesis is controversial. However, many experimental treat-
ments used to facilitate post-TBI/stroke recovery aim at enhancing
axonal sprouting of surviving neurons or providing transplanted
cells that form new axonal connections and repair the damaged
pathways [72–74]. Recently, Rao et al. [73] suggested that after
SE, attraction of mossy fibers that were directed to the inner
molecular layer of the dentate gyrus back to the CA3 region using
CA3 transplants reduced behavioral seizure frequency for several
months [75]. This very interesting observation warrants a video/
EEG monitoring study to confirm that the partial seizures are also
reduced. Whether enhanced functional improvement (e.g., motor
recovery) achieved by new connections is associated with modifi-
cation of epileptogenesis remains to be explored.

Molecular profiling data reveal changes in the expression of a
number of genes involved in axonal plasticity. At early points after
insult, changes in the expression of transcription factors (e.g., Jun,
EGR1, and BHLHB2) that can regulate expression of other plastic-
ity-related genes is observed. Later, changes in the expression of
growth factors, components of the synapses, or proteins involved
in rearrangement of extracellular matrix are frequently observed
[16,17,40,73].

2.5. Axonal injury

Axonal injury is not uncommon after epileptogenic brain insults
like TBI and stroke [76]. Histological studies have shown, for exam-
ple, that after TBI, axonal injury occurs within few minutes to
hours, and can continue for up to 1 year (see [29]). Interestingly,
no data are available on whether axonal injury contributes to epi-
leptogenesis even though it has significant effect on cognitive and
somatomotor outcome [77]. There are some studies suggesting
that axonal injury could affect the spread of electrical activity
through corpus callosum in traumatized brain [78]. Whether axo-
nal injury affects epileptogenesis and seizure spread (epilepsy phe-
notype) is unknown.

2.6. Dendritic plasticity

Loss of dendritic spines, changes in spine morphology, and re-
duced dendritic branching have been described both in experimen-
tal TLE models and in persons with TLE [79,80]. It is likely that
these alterations could affect the availability of various receptor
types as well as their stochiometry and, thus, compromise the
information flow from afferent inputs. Ribak and colleagues de-
scribed the growth of basal dendrites in granule cells of the dentate
gyrus during post-SE epileptogenesis [81]. Whether they occur
after other epileptogenic insults like TBI and stroke remains to be
explored. It has been proposed that basal dendrites could provide
an input area to aberrant connectivity being established due to loss
of normal targets [82].

2.7. Angiogenesis

Damage to the blood–brain barrier (BBB) and consequent
expression of angiogenic factors, proliferation of endothelial cells,
and angiogenesis are features common to various epileptogenic in-
sults such as SE, TBI, and stroke, as well as human TLE [83–85], and
are most active during the first month after injury. Recent experi-
mental evidence suggests that prolonged seizure activity in ani-
mals and humans, as well as the occurrence of brief induced and
spontaneous seizures, may be associated with opening of the BBB
and angiogenesis [84,86,87]. Disruption of the BBB can trigger epi-
leptiform activity and has been suggested to lead to a vicious cycle
that favors ictogenesis [88].

So far, enhancement of angiogenesis has been used to increase
post-TBI and poststroke motor recovery. There are no data on
whether this would affect epileptogenesis.

Molecular profiling data indicate activation of expression of
angiogenic factors after electroconvulsive seizures as well as fol-
lowing status epilepticus [89,90]. Although the activated genes dif-
fer between these two conditions, they can participate in
overlapping molecular pathways.

2.8. Changes in extracellular matrix

As shown, postinjury epileptogenesis involves a remarkable
remodeling of neuronal circuits, including neuronal migration, ax-
onal and dendritic plasticity, and angiogenesis. All these alterations
are accompanied by changes in the extracellular matrix (ECM).
Only a few families of proteinases have been investigated in epi-
leptogenic tissue (e.g., metalloproteinases, plasminogen activa-
tors). Recent molecular profiling studies have pinpointed the
regulation of expression of a large number of enzymes contributing
to ECM degradation and remodeling. In particular, the plasminogen
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system including tissue-type plasminogen activator (tPA),
urokinase plasminogen activator (uPA), and their inhibitors
TIMP-1 and -2, as well as metalloproteinases, appear to be involved
in tissue remodeling following insult [16,17,41].

2.9. Acquired channelopathies

Molecular analysis of ion channels after epileptogenic insults,
particularly SE, has revealed that brain injury can result in changes
in both ligand-gated and receptor-gated ion channels that are asso-
ciated with altered function when investigated using single-cell
electrophysiology [91–96] (Fig. 2). This phenomenon, called ac-
quired channelopathy, has been described in the dendritic, somatic,
and axonal channels (Fig. 2). Some of the subunit and functional
changes can last even weeks (e.g., [93]) and, thus, can contribute
to the establishment of lowered seizure threshold in parallel with
other plastic alterations. In the developing brain, channelopathy
can occur without any major changes in neuronal networks [13].
Whether this is unique to developing brain remains to be investi-
gated. There is evidence that, for example, changes in GABAA

receptor subunit composition can affect the efficacy of treatment
[97]. Whether other channelopathies developing in the early phase
of the epileptogenic process contribute to treatment response (e.g.,
drug refractoriness) remains to be investigated.

Surprisingly, alterations in expression of genes encoding for
channels or receptors are rarely detected in molecular profiling
experiments, possibly because of the limited sensitivity of the
methods used [16,17].

3. Epigenetic mechanisms

The term epigenetic refers to changes in genes that occur with-
out directly affecting DNA sequence. This can be achieved by
chemical modification of DNA or chromatin, such as DNA methyl-
ation and alterations in the methylation or acetylation status of
histones. Such modifications strongly influence gene expression
and, therefore, are of importance for cell function. There is growing
evidence that such phenomena also occur in mature, postmitotic
neurons and play a role in psychiatric disorders including addic-
tion, depression, and schizophrenia [98,99] Chromatin modifica-
tion can be induced by drugs of abuse like cocaine as well as
medicines like valproate [99,100]. Even complex stimuli such as
maternal care and stress response can be regulated by epigenetic
mechanisms [101,102].
HCN (Ih)
(Soltez et al., 2001) - HC
(Shah et al., 2004) - EC

Ca2+

(Su et al., 2002)

GABAA-R
Brooks-Kayal et al. (1998)

Na+

Ellerkmann et al. (2003)

K+

(Bernard et al., 2004)

Fig. 2. Acquired channelopathies as investigated by molecular analysis combined
with single-cell electrophysiology. As shown, acquired channelopathies can affect
dendrites, the perisomatic region, or axons. Whether the same neuron can have
multiple channelopathies is not known.
Recent studies have revealed that epigenetic mechanisms may
also be relevant to the development of epilepsy and/or seizure con-
trol. Seizure-induced [103] or SE-induced [104–106] histone mod-
ifications have been reported for promoters of a number of genes,
including those involved in neuronal plasticity, such as transcrip-
tion factors c-fos [103,106], c-jun [107], and CREB [103], the neuro-
trophin BDNF [103,104], and the glutamate receptor GluR2 [104].
The regulation of transcription by histone modification may be
complex. For example, an acute increase in BDNF expression fol-
lowing SE is associated with histone H4 acetylation [103,104],
whereas its chronic upregulation may be controlled by acetylation
of histone H3 [103]. By influencing the level of growth factor pro-
duction, the epigenetic mechanism may control the formation of
aberrant neuronal connections. At the same time, deacetylation
of histones at the GluR2 promoter leads to its decreased expres-
sion, which can result in enhanced epileptogenesis [107].

Another clue to the involvement of the epigenetic mechanism
in epilepsy was provided by the discovery that the potent antiepi-
leptic drug valproate can act as an inhibitor of histone deacetylases
(HDACs) [100] and also can influence gene expression [100,108,
109]. Effects of valproate on gene expression could have pro-
nounced consequences for cellular metabolism. It has, for example,
been proposed that it can act by inhibition of HDAC-dependent
aberrant neurogenesis induced by seizures in the adult hippocam-
pus. Although a recent finding argues against a role for HDAC inhi-
bition in the anticonvulsant activity of valproate [110], it can still
be of importance in disease development.
4. Genetic background and focal epilepsy

Investigation of the effect of genetic influence on the epilep-
togenic process was pioneered by Schauwecker and colleagues
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[111]. By investigating the effects of kainate-induced SE on
neurodegeneration, axonal plasticity, neurogenesis, and epilepsy
phenotype in different mouse strains, they demonstrated the
dependence of circuitry alterations on background genes. For
example, the ‘‘resistant’’ C57BL/6J mouse shows relatively little
neurodegeneration, mossy fiber sprouting, and neurogenesis in
the dentate gyrus. These mice also do not develop epilepsy
as a consequence of SE. The ‘‘sensitive’’ mouse strains (e.g.,
FVB/NJ) show circuitry alteration and epileptogenesis. More re-
cently, the background dependence of the aftermath of SE has
been demonstrated in the pilocarpine-induced SE model
[112,113]. Importantly, the effect of genetic background can,
to some extent, be injury type specific. For example, in ‘‘resis-
tant’’ B6 mice, the hippocampal neurodegeneration after con-
trolled cortical injury (TBI) was similar to that in B10
(‘‘sensitive’’) mice [114]. Even though these studies show that
the functional consequences of brain injury can depend on ge-
netic background, more extensive studies are needed on injury-
type specificity. Also, there are no studies that have investi-
gated the development of posttraumatic epilepsy in different
mouse strains.
Fig. 4. Examples of molecular networks with a high representation of genes differing in
undergoing epileptogenesis at 14 days after amygdala stimulation-induced status epilept
of genes with differences in expression levels between epileptogenesis and epilepsy are
ARF2, ADP-ribosylation factor 2; ARF3, ADP-ribosylation factor 3; ATP1B1, ATPase, Na+/K
calnexin; CDCA7L, cell division cycle-associated 7-like; CSNK1G2, casein kinase 1c2; D
receptor a; GBP2, guanylate-binding protein 2, interferon-inducible; GCH1, GTP cycloh
viral oncogene homolog; MYH7, myosin heavy chain 7b; MYL1, myosin light chain 1; MYL
member 1; NUCB1, nucleobindin 1; OPRK1, j1 opioid receptor; OPRS1, opioid receptor
receptor, b polypeptide; PTMS, parathymosin; RAB4A, member RAS oncogene family; RA
1; RALBP1, ralA-binding protein 1; SMARCA4, matrix-associated, actin-dependent regula
tyrosine aminotransferase; VPS45, vacuolar protein sorting 45 homolog; ZFYVE20,
amphiregulin; ARRB1, arrestin b1; BTC, betacellulin; CaM, calmodulin; CNGA3, cyclic nu
hydratase, short chain, 1; EGFR, epidermal growth factor receptor; EIF3E, eukaryotic tr
epiregulin; GARS, glycyl-tRNA synthetase; GMFB, glia maturation factor b; GNPAT, glyc
heparin-binding EGF-like growth factor; HNRNPL, heterogeneous nuclear ribonucleop
microtubule-associated protein 1 light chain 3b; MAPK1, mitogen-activated protein kin
puromycin sensitive; NRG2, neuregulin 2; PACSIN2, protein kinase C and casein kinase
neurons; RYR1, ryanodine receptor 1; SOS1, son of sevenless homolog 1; TRAF6, TNF r
ingenuity pathway analysis, Ingenuity Systems Inc., Redwood City, CA, USA.
5. Single-gene mutations associated with symptomatic epilepsy

Studies in humans have shown that single-gene mutations do
not always trigger ‘‘generalized’’ epilepsies, but can also result in fo-
cal epilepsies like autosomal-dominant nocturnal frontal lobe epi-
lepsy, familial mesial TLE, familial lateral TLE, and familial partial
epilepsy with variable foci (see [115]). Also, data from mice support
the idea that single-gene mutations can trigger focal seizures [116].
Importantly, many of the single-gene mutations in epileptic mice
are not channelopathies, but encode proteins contributing to cellu-
lar migration, transporters, or vesicular proteins. One example is
the urokinase-type plasminogen activator receptor (uPAR), which
regulates the migration of GABAergic inhibitory neurons in the cor-
tex and the hippocampus during development. Knockout of uPAR
results in reduced neuronal numbers in subpopulations of GABAer-
gic neurons (parvalbumin, somatostatin) and the epilepsy pheno-
type, presumably due to compromised inhibitory circuitry [117].
Another example is the mouse with a mutation that results in
encoding of a pathologic protein Ab (amyloid beta protein) and pla-
que formation. It was recently shown that this associates with a
change in excitability of principal cells and development of epilepsy
expression level in the hippocampus of epileptic animals as compared with animals
icus. (A) Cell morphology-related network. Protein products represented in data set
presented in gray. Only direct relationships between proteins are indicated (line).
+ transporting, b1 polypeptide; BCAT1, branched-chain aminotransferase 1; CANX,
DX17, DEAD (Asp–Glu–Ala–Asp) box polypeptide 17; FCGRT, Fc fragment of IgG,

ydrolase 1; HLTF, helicase-like transcription factor; MYC, v-myc myelocytomatosis
PF, fast skeletal myosin light chain 2; NR3C1, nuclear receptor subfamily 3, group C,
; PDAP1, r1 PDGFA-associated protein 1; PDGFRB, platelet-derived growth factor

B7A, member RAS oncogene family; RAC1, ras-related C3 botulinum toxin substrate
tor of chromatin, subfamily a, member 4; TADA2L, transcriptional adaptor 2; TAT,

zinc finger, FYVE domain containing 20. (B) Cell cycle-related network. AREG,
cleotide-gated channel a3; CPA1, carboxypeptidase A1; ECHS1, enoyl coenzyme A
anslation initiation factor 3, subunit E; EPGN, epithelial mitogen homolog; EREG,

eronephosphate O-acyltransferase; GPS1, G-protein pathway suppressor 1; HBEGF,
rotein L; INA, internexin neuronal intermediate filament protein a; MAP1LC3B,
ase 1; NEFH, neurofilament, heavy polypeptide, 200 kDa; NPEPPS, aminopeptidase,

substrate in neurons 2; PACSIN3, protein kinase C and casein kinase substrate in
eceptor-associated factor 6; ZCCHC2, zinc finger, CCHC domain containing 2. IPA,
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[118]. It is important to note that in these mouse epilepsies, the pat-
tern and severity of circuitry reorganization are milder and differ-
ent from those in the SE-induced epileptogenic process. Whether
data from these mouse models imply that a gene mutation resulting
in the formation of ‘‘an epileptogenic network’’ (like abnormal
inhibitory circuitry) or other brain pathology that is associated with
direct or indirect effects of the encoded protein on neuronal excit-
ability is a common concept for epilepsies associated with develop-
ment or neurodegenerative diseases remains a testable hypothesis
(Fig. 3). Both of these mouse models, however, could be considered
to model ‘‘diseases frequently associated with epileptic seizures’’
(see [119, Table 6]), that is, a heterogeneous group of epilepsy syn-
dromes, in which the genetic component apparently plays a role.
Interestingly, single-gene mutations have also been shown to affect
other outcomes associated with the epileptogenic process. For
example, knockout of tumor necrosis factor a significantly affected
both the severity of TBI-induced neurodegeneration and the conse-
quent motor recovery [120].

6. How much ‘‘noise’’ is there in our modeling and data analysis?

As summarized above, molecular profiling typically shows
changes in hundreds of genes depending on the model used, cell
Table 2
Upregulated and downregulated genes in the hippocampus or the temporal lobe in epilept
amygdala stimulation-induced status epilepticus

Gene function Gene name

Hippocampus—upregulated
Enzyme ATP citrate lyase; arginase I; DEAD bo

ligase; phospholipase D family
Transporter ATPase b1; solute carrier family 4, me
Kinase CDC-like kinase 3; myosin light chain
Peptidase Mast cell protease 8; aminopeptidase
Transcription regulator Mediator complex subunit 30
Growth factor Nerve growth factor
G-protein coupled receptor Natriuretic peptide receptor B; sigma
Transmembrane receptor Single immunoglobulin and toll-interl

Hippocampus—downregulated
Transporter ADP-ribosylation factor 2; a2-macrog

family 6, member 18
Enzyme Branched-chain aminotransferase 1; c

defender against cell death 1; glycyl-tR
glyceronephosphate O-acyltransferase
A2; ralA-binding protein 1; retinol deh

Peptidase Carboxypeptidase A1
Transmembrane receptor Fc fragment of IgG, receptor
Growth factor Heparin-binding EGF-like growth facto
Ligand-dependent nuclear receptor Nuclear receptor subfamily 3, group C
Cytokine Prolactin family 3, subfamily d, memb
Ion channel Ryanodine receptor 1; sodium channe

Temporal lobe—upregulated
Peptidase ADAM 17;
Transporter ATPase V0 c; LIM and SH3 protein 1;
Enzyme UDP-Gal:bGlcNAc b1,4- galactosyltran

methylglutaryl-coenzyme A reductase
glycan anchor biosynthesis T; RAB40B
dismutase 3; triosephosphate isomera

Growth factor Bone morphogenetic protein 6;
Kinase Discoidin domain receptor tyrosine ki
Translation regulator Eukaryotic translation initiation factor
Phosphatase Eyes absent homolog 3
Ion channel FXYD domain containing ion transpor
G-protein coupled receptor Frizzled homolog 6
Transcription regulator Heat shock factor-binding protein 1; N
Ion channel Inositol 1,4,5-triphosphate receptor 1;
Transmembrane receptor Opioid-binding protein
Peptidase Urokinase plasminogen activator

Temporal lobe—downregulated
Enzyme Protein disulfide isomerase A6
Transporter Retinol-binding protein 1; exportin 1
type or brain area sampled, time point selected, and analysis
platform used. In particular, when using SE models, the cellular
alterations are also overwhelming as compared with those in
human acquired epilepsy (see [4]). Even though numerous, the
gene alterations during epileptogenesis can, however, be linked
to known cellular changes. The question arises: Which molecu-
lar changes are relevant to epileptogenesis. One way of assess-
ing this would be to look at the genes that are altered in
animals that are already epileptic and compare the data with
those for animals that are still undergoing epileptogenesis. This
analysis revealed differences in gene expression levels between
epileptic animals and animals undergoing epileptogenesis
(Fig. 4, Table 2). Fourteen days after amygdala stimulation-in-
duced SE, 70 genes were downregulated and 57 upregulated
in the hippocampus of epileptic animals as compared with rats
undergoing epileptogenesis. In the temporal lobe, the numbers
were 7 and 85, respectively. Function is known only for about
70% of these genes, but in many cases the information is limited
to sequence-based prediction of function (Table 2). A fraction of
these genes can be mapped to known molecular networks
(Fig. 4), enabling the formation of hypotheses about their role
in epileptogenesis. However, more knowledge about the role of
these proteins in cell metabolism, especially in the brain, is
ic animals when compared with animals undergoing epileptogenesis at 14 days after

x polypeptide; enoyl coenzyme A hydratase; F-box protein 21; glutamate–cysteine

mber 10; vacuolar protein sorting 45 homolog
kinase 2; uridine–cytidine kinase 2
puromycin sensitive

1 opioid receptor
eukin 1 receptor

lobulin; protein kinase C and casein kinase substrate in neurons 2; solute carrier

ytochrome P450, family 4, subfamily B; cytochrome P450, family 4, subfamily F;
NA synthetase; GTP cyclohydrolase 1; glycerophosphodiester phosphodiesterase 1;

; glycogenin 1; lecithin–cholesterol acyltransferase; 5-oxoprolinase; phospholipase
ydrogenase 10; steroid sulfatase; thiosulfate sulfotransferase

r

er 3
l, voltage-gated Ib

Sec61 a1;
sferase 3; cytochrome b reductase 1; GNAS complex locus; 3-hydroxy-3-
; NADH dehydrogenase 1a8; oxoglutarate dehydrogenase; phosphatidylinositol
; retinol dehydrogenase 10; SH3-domain GRB2-like endophilin B1; superoxide
se 1; ubiquitin-conjugating enzyme E2R 2

nase 1; leucine-rich repeat kinase 2
4A2

t regulator 2; 20 homolog 1

GFI-A-binding protein 2; ubiquitin-conjugating enzyme E2K
potassium channel K2
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needed before we understand the relevance of the changes in
gene expression in injured brain.

Another possibility could be to compare different etiologies
associated with hippocampal hyperexcitability but with different
degrees of hippocampal cell death and circuitry alterations. Our
meta-analysis comparing data on global analyses of gene expres-
sion following SE with remarkable hippocampal damage, lateral
fluid percussion (relatively mild hippocampal damage), and con-
trolled cortical impact revealed substantial overlap in databases,
and indicated a number of genes that commonly change their
expression level in response to potentially epileptogenic stimuli
[17]. Products of these genes can participate in cell death and sur-
vival, neuronal plasticity, or immune response, indicating that
these phenomena are crucial for epileptogenesis irrespective of eti-
ology. Although changes in expression of some of the genes in our
analysis seem to be etiology related, the data analyzed are not con-
clusive because of the nature of the data sets available (different
microarray platforms and methods of analysis). This would require
a well-controlled analysis of transcriptomes collected from tissues
of animals (same species, strain, age) that had experienced various
epileptogenic insults, and the analysis must be performed using
the same platform.

We could also try to investigate what kind of molecular changes
are required for the development of a lower seizure threshold with
or without cellular damage and circuitry reorganization. One ap-
proach would be to compare molecular data obtained in a model
with very few, if any, cellular alterations, like a kindling model,
and with data from a post-SE model. Such an in-depth comparative
study is not available in the literature and cannot be performed on
the basis of published data. However, it can be noted that the major
functional gene classes modified by kindling are related to second
messenger signaling (G-protein signaling, synaptic transmission,
Ca2+-dependent kinases) [121], whereas genes related to cell death,
apoptosis, or inflammation are barely represented.

Finally, gene expression is under constant change during devel-
opment. This might be of particular relevance when we consider
not only the effects of genetic background, but also the effects of
developmentally activated molecular processes, on the develop-
ment of epilepsy in immature brain (Fig. 1).

7. Conclusion: Where are we and where are we going?

The availability of powerful molecular analysis methods has
provided us with a large amount of data that we are just learn-
ing to connect to different aspects of the epileptogenic process.
An important question remains: How do we optimize animal
modeling to reduce ‘‘noise’’ in databases, and, consequently, ex-
tract the data that are relevant for understanding the molecular
mechanisms of the epileptogenic process, and to find targets for
its prevention and modification. Another important aspect is that
the same cellular alteration can contribute to various outcomes.
For example, axonal sprouting can contribute both to motor
recovery and to epileptogenesis. Third, in the design of antiepi-
leptogenic treatment strategies, a key challenge is to answer
the question: Is hyperexcitability actually beneficial to the
brain’s attempts to self-repair? So far, attempts to use AEDs that
suppress neuronal activity to prevent epileptogenesis have all
failed [122,123]. Should we actually aim at ‘‘controlled hyperex-
citability’’ during the epileptogenic process, rather than its sup-
pression, as recent experimental studies using proconvulsants
suggest [124,125]?
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