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Summary
The abnormal plasticity and epigenetic phenomenon observed in
the development of epileptic seizures and developmental process
of an EL mouse, which is an excellent mutant model, are reviewed
through the neurophysiological, biochemical and molecular aspects.
The EL mice were exposed to the natural proprioceptive sensory
stimulation of tossing the animal into the air to provoke an
epileptic seizure, which results from an increase in the excitability
of the cortical neurons due to low activities of Glutamic acid
decarboxylase (GAD) and Gamma-amino butyric acid (GABA).
The seizures develop due to the abnormal plasticity and eventually
occur spontaneously. At the same time the provoked seizures, in
turn, may induce DNA fragmentation or Immediately Early Gene
(IEG) expression and make some changes of neurotrophic factors
and protein synthesis. These proteins or other substances may
constitute another structure vulnerable to provocative stimuli to the
seizure.
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Introduction
Epilepsy is known to be a highly complicated disease or syndrome
[1]. The EL mouse is an established animal model of epilepsy [2], and
several studies have investigated the epileptogenesis of this disease
using the EL mouse model [3-5].
Long-term potentiation (LTP), which was discovered by Bliss
and Lomo [6] is considered to be the cellular correlate of learning and
memory [6,7], and LTP-induced plasticity is believed to confer beneficial
effects to an organism. In contrast, epileptic seizures in the EL mouse
are provoked by natural proprioceptive sensory stimulation, including
repeatedly tossing-the animal into the air [8,9] or by performing rotating
(see saw) movements [10,11], but are not induced by loud sounds or
vestibular stimulation. In addition, the EL mouse seizure still occurred
even after the labyrinths were destroyed, at that time the animal could
not maintain its posture. Therefore, the seizure-provoking mechanism
in the El mouse occurs through the proprioceptive nervous system from
abrupt accelerating movements [8].
We called the process of developing unfavorable results in an
organism as abnormal plasticity in contrast to the neural plasticity [9].
The abnormal plasticity could be considered as one of pathogeneses
of the nervous diseases [4]. Also kindling by repetition of electric
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stimulation to the brain or frequent administration of central
stimulants, e.g. cocaine are associated with progressively increasing
seizures or pathological behaviors, which are artificial, unfavorable
and distinctly noxious effects on an organism [12,13].
The seizure susceptibility of EL mouse is seemingly autosomal
dominant in genetics [14,15]. However this susceptibility is
successively increased by naturally sensory stimulation to the animals
[8]. This abnormal plastic process represented by symptoms or
seizures and electrophysiological aspects was demonstrated in some
previous reports [4,5,8,9].
In the present paper some biochemical and molecular aspects of
the abnormal plastic process, which can be considered as one of the
pathogeneses of epilepsy, and especially an epigenetic aspect of EL
mouse seizure are reviewed.

Subjects and Methods
The details of the experimental animals and various experimental
procedures were described precisely in our previous papers [35,8,9,13,16-23] but are briefly summarized here.

Experimental animals
One hundred animals each of the EL*/Suz line and DDY line were
used for the investigation. Mice of both genders were used, and they
weighed 26-30 g and were 20 to 50 weeks old. No sexual difference in
the occurrence of seizure was found.
*
This mutant mouse strain was named “ep” when it was first
discovered, was later named “El”, and was then renamed “EL” at
the International Symposium in Tokyo in 1992. The provider of
the animals should manifest this strain to be the EL strain, which
deprived from Suzuki (e.g. Leussis, Heinrichs, 2007) [11].

All animals of the EL/Suz strain were inbred to the F128
generation, and those of the DDY strain were inbred to the F66
generation. The animals were carefully reared at our institute and
were treated with the routine provoking stimulation of being tossed
up in the air once a week since 4 to 5 weeks of age [9]. At first, no
animal seized, but after the provoking stimulation had been repeated
several times, all animals easily seized and, eventually, they seized
almost spontaneously. Thus, the threshold for seizing was lowered by
repetition of the provoking stimulation, as described in the literature
[8], ensuring that they were extremely highly prone to seizure. The
history of the development of seizure is described precisely in the
previous papers [5,8,9,21]. No animal of the DDY strain seized, even
after being treated with similar repeated provoking stimulation.
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Methods

bioelectric amplifier (Nihon Kohden) and was analyzed using Spike 2
software (Cambridge). After recording the data, the positions of the tips
of the microelectrodes were verified by applying an electric current.

1) Chronic physiological experiment.
The animals were anesthetized (pentobarbital, 50 mg/kg body
weight) and fixed in a stereotaxic apparatus (Narishige, Tokyo, modified
by the author) during electrode implantation. The electric activities of
several portions of the brain were chronically recorded through thin
stainless steel microelectrodes, which were stereotaxically implanted
according to the Sid man’s atlas [24], while the mice were freely moving.
2) In the acute physiological experiment, the firing of unitary
neurons was recorded via stereotaxically inserted microelectrodes by a
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3) To observing one of the metabolic aspects, the [14C] 2-deoxyglucose technique by Sokoloff, et al. [25] was used [20,22].
4) Various kinds of neurochemical aspects were reported so far
in our investigation, in which GABA and GAD activities studied gave
us particularly important data to find the way to epileptogenesis. In
our investigation with using micro neurochemical methods, freezedried micro brain region samples were used for measuring GABA
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Figure 1: Schematic representation of abnormal plasticity, epileptogenesis, anticipation and epigenome change in the EL mouse seizure.
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concentration and GAD activities in epileptogenesis. The ultra-micro
enzymatic chemistry of NADPH cycling with fluorometric assay was
used to measure activities of those substances in the parietal cortex
and hippocampus [17].
5) Cytokines, such as interleukin-1 alpha (IL-1a), IL-1b, IL-6,IL-1
receptor (IL-1r), IL-1receptor antagonist (IL-ra) and tumor necrosis
factor alpha (INF-a) were examined by Western blotting in the
parietal cortex and hippocampus of EL mice [18].
6) For investigating molecular aspects of epileptogenesis, IEG
expression (c-fos and zif) was analyzed by in situ hybridization
by using 35S [19]. DNA fragmentation was detected by in situ
terminal transferase-mediated dUTP Nick labelling with the aid of
alkaliphosphatase and peroxidase (TUNEL method).

Results (Figure 1)
1) Abnormal plasticity as a pathogenesis of epileptic seizure of an
EL mouse [9].
In the EL mouse seizure provoked by tossing-up stimulation,
at first few EL mice of 4 to 5 weeks of age seized but after about 20
weeks all EL mice easily seized and eventually they seized almost
spontaneously. The seizure threshold was lowered by repetition of the
stimulation. But after a long period of no stimulation, the thresholds
were raised, or extinction of seizures was observed in mice even with
fully developed seizures. Reinforcement of stimulation was necessary
for the seizures of the EL mice to occur. During recovery of the
occurrence of the seizures, their incidence increased sooner than in
the previous developmental period [5,9].
2) The abnormal plasticity is also represented by changing
and growing electroencephalographic discharges [2,5,8,12].
Paroxysmal discharges occur at first at the parietal cortex followed
by the hippocampus or other cerebral portions in response to
the proprioceptive sensory inputs by tossing up procedure. The
paroxysmal discharges induced various forms of seizures as described
in the previous papers [21]. All individual seizures repeat the
developmental process of seizures in order [5].
No other way of abrupt accelaration movement than tossingup or sea saw movement can provoke a seizure at the steady level in
EL. These provoking stimuli are transmitted via the proprioceptive
sensory pathway to the cortex (not by vestibular input [8,9,26].
3) In relation to these behavioral and neurophysiological
phenomena, various neurochemical aspects were observed in the
cerebral cortex, particularly the parietal and hippocampal neurons.
(The focus complex by our first expression [4] in an EL mouse brain.
In these brain areas epileptic discharges initially start at the parietal
cortex and are boosted to manifest clinical symptoms).
The paroxysmal neuronal firings at the seizures increased the
metabolic activities expressed by glucose intake into the cerebral
cortical and hippocampal neurons, which could be observed by the
[14C] 2-deoxyglucose technique [20,22,25].
4) In the bases of paroxysmal neuronal discharges there could be
found decreased activities of the inhibitory mechanism. Especially
GABA concentrations and GAD activities show important results to
find the way to epileptogenesis. Decreasing concentrations of GABA
at the parietal cortex and hippocampus were observed in parallel
with changes of firing activities in response to the proprioceptive
sensory inputs and increased paroxysmal firing activities of neurons
[3,17,23,27].
The abnormal plasticity is also represented by decreasing process
of GABA-related inhibitory activity [17], in other words increasing of
the excitability of the cortical neurons and hippocampus. It means the
neuronal activities themselves in the laminar structure of those areas
might be changed by the influences of the seizures [23].
5) Some important observations in relation to development
of EL mice and consequences caused by seizures themselves which
Suzuki. Int J Neurol Neurother 2016, 3:059
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may relate to the epileptogenesis and moreover to epigenesis [3,8,1619,27] are summarized as following.
In EL mice, which had experienced seizures and lower thresholds,
DNA fragmentation without cell loss was detected in the parietal
cortex and hippocampal CA1 [8,27]. EL mice also showed lower
activities of Cu, Zn-super oxide dismutase (Cu, Zn-SOD) than those
which the control DDY mice did [18]. These findings suggest that
abnormalities in the region-specific Cu, Zn SOD isozyme activity
might produce spatially specific free radicals, leading to DNA
fragmentation. This might contribute to epileptogenesis and the
possibility of change in genome DNA.
Nitric oxide (NO) system, which is associated with synaptic
plasticity, was studied referring to development and seizures of EL
mouse [18]. However, one of the isozymes, e-NOS showed relatively
low concentration. This fact should need more precise studies in
relation to abnormal plasticity, referring to the work of Kandel’s
group [28]. Significant increases in the level of cytokines (IL-1 alpha,
IL-1 beta, IL-receptor, IL-1 receptor antagonist, IL-6 and Tumor
necrotizing factor (TNF) were observed in the parietal cortex and
hippocampus at any stages during development of EL mice [3,18].
Also cytokines increased predominantly before experiencing
frequent seizures. In the parietal cortex cytokines were most highly
expressed 2 hours after seizures. Cytokines were kept up-regulated
until next seizures in the hippocampus whereas they were transiently
up-regulated immediately after seizures in the parietal cortex.
Various neurotrophic factors were over-expressed during the
growth of EL mice. Brain depived neurotrophin factor (BDNF)
showed a biphasic over-expression during 8-12 weeks postnatal
and also around 20 weeks of age which covers the late period of
epileptogenesis [3,19]. NT-3 (a member of the neurotrophin family)
showed a peak expression from 8 to 12 weeks old, corresponding to
the early period of epileptogenesis. Although seizure activity itself
induces expression of neurotrophic factor mRNAs and proteins, the
level of NT-3 and BDNF in the hippocampus of EL mice shows a
significant increase in the earlier developmental periods, before the
animals exhibit seizures frequently.
6) A neurotransmitter-induced long-term plasticity requires
RNA and protein synthesis during a critical time period immediately
following stimulation. In the abnormal plasticity process as the EL
mouse seizure frequent expression of immediate early genes (IEGs;
zif and c-fos) were observed. These expressions were investigated
precisely in relation to the seizure history, seizure threshold and
development of EL mice [19,27]. These expressions can be considered
to relate to epileptogenesis of the EL mouse.

Further Discussions Based on the Results Obtained
Here the abnormal plasticity shown by the epileptic seizure of
an EL mouse provoked by the proprioceptive sensory stimulation
with the natural method as stated above could be considered as a
new one of pathogenetic processes of nervous system, as abnormal
immunological reactions, e.g. Welsh, et al. [29]. Moreover, this
process may exert unfavorable effects on the evolution of an animal
without any direct manipulation of DNA. One can consider this
process as one of epigenetic phenomena [4,5,9,19,23] and may
remind of Thomson’ review “Epigenesis and Plasticity in the nervous
system” published a quarter century ago [30].
Natural proprioceptive sensory stimulation of tossing-up
provokes an epileptic seizure of the EL mouse which is caused by
increase of excitability of the cortical neurons. These cortical neurons
have a poor GAD-GABA system or other abnormal-level constituents,
which may be mutant origin at first. The seizures develop in the
abnormal plastic process and finally they occur spontaneously with
a weak or no provoking stimulus. At the same time the provoked
seizures, in turn, may cause DNA fragmentation or IEG expression
and make some kind of neurotrophic factors and protein synthesis.
These proteins or other substances may constitute other structures
vulnerable to provocation stimuli to the seizure. These facts remind
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us of the old statements “a seizure may call another seizure” as
Foerster said [31].

Conclusion
In summary one can say as following, the epileptogenesis of the
EL mouse seizure is induced by a natural proprioceptive sensory
stimulation, which results in the development of epilepsy, but in
turn the seizures themselves may induce epigenetic changes. This
paradigm might offer a new insight to the pathogenesis, epigenesis
and evolution of epilepsy (Figure 1).
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